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ABSTRACT 


The Ambrosia Lake district in northwestern New Mexico is the most 
important uranium mining and milling district in the United States. 
Together with the nearby Laguna district it contains more than 50 
percent of the nation’s reserves. 

Most of the ore occurs in the Morrison formation of Late Jurassic age 
as elongate, tabular, mantolike bodies principally in the upper half of the 
Westwater Canyon sandstone member and near the base of the Poison 
Canyon sandstone tongue (9). Individual deposits are distributed along 
two easterly trending belts 2 to 3 miles apart. The ore bodies are as 
much as 3,000 feet long, several hundred feet wide, and 100 feet thick. 
Depths to the ore range from 0 to 2,200 feet. Some ore is also mined 
from the Todilto limestone of Late Jurassic age and from the Dakota 
sandstone of Early (?) and Late Cretaceous age. 

Two types of unoxidized ore are recognized: prefault ore, which is 
considered to be primary, and postfault ore, which may be redistributed. 
The prefault ore shows no obvious relationship to tectonic structures 
but appears to be controlled by a variety of sedimentary structures. 
Postfault ore is controlled by a combination of sedimentary and tectonic 
structures. 

Disseminated carbonaceous matter, believed to be plant derived, 
appears to be the dominant control in the localization of the uranium. 

The ore mineralogy is comparatively simple, and coffinite is by far 
the most abundant ore mineral. Molybdenum, selenium, vanadium, and 
iron occur in anomalous quantities in the deposits in both oxidized and 
unoxidized minerals. 

U/eU ratios and radioisotope distribution indicate almost universal 
disequilibrium and fairly recent migration of radioisotopes in all deposits 
that have been sampled. 

Further studies on the organic carbonaceous matter, sandstone altera- 
tion, age determinations, and sulfur isotope composition are required to 
obtain a better understanding of the source, transportation, and deposition 
of uranium and other elements in the deposits. 


INTRODUCTION 


THE most important uranium mining and milling area in the United States 
is in McKinley and Valencia Counties of northwestern New Mexico. The 
Ambrosia Lake district and the nearby Laguna district (Fig. 1) together 
contain more than 50 percent of known uranium reserves in the nation. The 
total value of the uranium ore from these districts is expected to exceed 
$1 billion, placing them in combined strategic and economic value among the 
largest active mining districts in the United States. 

The present studies are designed primarily to determine the factors that 
contributed to localization of the Ambrosia Lake deposits. 

This paper is primarily a progress report to outline the U. S. Geological 
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Survey’s work in the district, to air some controversial hypotheses that 
might benefit from the comments of colleagues, and to present some tentative 
conclusions and generalizations based largely on sparse data, which may 


require revisions as more evidence is accumulated. 
The work on which this paper is based was started in August 1958. 
Principal emphasis has been on the more deeply buried deposits in the 
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Fic. 1. Index map showing the Ambrosia Lake district, New Mexico. 


Morrison formation of the Ambrosia Lake district. Because of the magnitude 
and complexities of these deposits the writers have not devoted much time 
to study of the few shallow deposits in the Morrison and Dakota formations, 
or to the numerous deposits in the Todilto limestone. References to these 
deposits are based largely on the work of others. 

Prior to 1951 the geology of the Ambrosia Lake district was poorly 
known. Hunt (14) discussed the igneous geology and structure of the 
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nearby Mount Taylor volcanic field, and Goddard (7) studied the fluorspar 
veins in the Zuni Mountains about 25 miles to the southwest. The only 


earlier reports dealing with Mesozoic stratigraphy were general reconnais- 
sance studies such as Darton’s (2) reconnaissance of parts of northwestern 
New Mexico and Hunt’s (13) report on the Mount Taylor coal field. 

After discovery of uranium in the Todilto limestone, the U. S. Atomic 
Energy Commission and the U. S. Geological Survey became actively inter- 
ested in the Ambrosia Lake area and many reports have been written about 
the area. The U. S. Geological Survey has been engaged in various studies 
in the area for several years largely on behalf of the Commission. Perhaps 
the most comprehensive of these studies has been the geologic mapping of 
six 7}-minute quadrangles by R. E. Thaden (oral communication, 1958) and 
the regional stratigraphic and structural studies by Freeman and Hilpert 
(5) and Hilpert and Moench (10). Weeks and Truesdell (28) have made 
contributions to the mineralogy of the Ambrosia Lake ores, and Survey per- 
sonnel have participated in the geologic investigations related to Defense 
Minerals Exploration Administration (DMEA) and Office of Minerals Ex- 
ploration (OME) applications and contracts. 

Acknowledgments.—The writers are grateful to the officials of the com- 
panies mining in the Ambrosia Lake area for permission to map and sample 
in various mines. Studies have been started in mines owned by Hidden 
Splendor Mining Co., Calumet and Hecla Mining Co., Homestake-Sapin 
Partners, Homestake-New Mexico Partners, Kermac-Nuclear Fuels, Inc., 
Four Corner Exploration Co., and Phillips Petroleum Co. The courtesies 
extended to us by E. W. Grutt, Jr., and other members of the Grants, 
N. Mex., Branch Office of the Production Evaluation Division of the U. S. 
Atomic Energy Commission have added materially to the preparation of this 
paper. 


GEOGRAPHY 


The Ambrosia Lake district, named for an almost perpetually dry lake 
bed 20 miles north of Grants, is roughly limited by Ambrosia Lake on the 
north, Grants on the south, San Mateo on the east, and Prewitt on the west 
(Fig. 1). It includes most of the known uranium deposits in the Todilto lime- 
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stone and several shallow deposits in the Dakota sandstone as well as many 
deposits in the Morrison formation. This definition of the district is some- 
what less restrictive than previous definitions that limited the district more 
nearly to the vicinity of Ambrosia Lake (30). Similar deposits in the Mor- 
rison formation are also found in the Church Rock and Smith Lake districts, 
about 40 and 20 miles west-northwest, respectively, and the Laguna district 
about 35 miles southeast of Ambrosia Lake. 

Three irregular escarpments and two intervening valleys developed in 
gently northward-dipping sedimentary strata trend northwesterly through 
the district. The southern escarpment is composed of the Wingate sandstone 
(Upper Triassic) and the Entrada sandstone (Upper Jurassic) capped by 
the more resistant Todilto limestone; the middle escarpment is composed 
largely of the Morrison formation (Fig. 2) capped by the Dakota sandstone, 
and the northernmost escarpment is composed of the Mesaverde group of 
Late Cretaceous age capped by the Point Lookout (Upper Cretaceous) sand- 
stone. All the Todilto and Dakota deposits within the district, as well as a 
few Morrison deposits, are distributed along the southernmost and middle 
escarpments and the intervening valley. 

North of the middle Dakota-capped escarpment the second broad strike 
valley is cut in the easily eroded Mancos shale (Upper Cretaceous). The 
more deeply buried deposits in the Morrison formation have been found be- 
neath the floor of this valley. 


TABLE 1 


STRATIGRAPHIC SecTION OF THE AMBROSIA LAKE DISTRICT 





Description 





Point Lookout sandstone 1x Sontinental sandstone. 





Crevasse Canyon formation Marginal marine sandstone, siltstone, shale, and coal. 





Gallup sandstone ) Marginal marine sandstone. 





Mancos shale 27 | Marine shale. 





Dakota sandstone Continental and marginal marine sandstone. 





Brushy Basin be-lé Meinly continental mudstone; some sandstone (including t 
shale member Canyon sandstone. 





Westwater Canyon 26 ‘ontinental sandstone. 
sandstone member 





+Recepture shale member | 137-: Mainly continental mudstone; 





UT] Morrison 





¥ 
R 
é 
e 


tone j Eolian sandstone 





Bumerville formation 5-1 Sontinental mudstone 





Todilto limestone 25 Lacustrine limestone. 





Entrada 8 andtone 31 Eolian sandstone 








Wingate sandstone ] Eolian sandstone. 





Phinle formation 1300 Mainly continental mudstone; some sandstone 





Moencopi formation Mainly mntinental sandstone and conglomerate; 
4 





Ban Andres limestone 4 Mainly marine limestone; some sandstone 





lorietta sundstone 120 Not exposed Marine sandstone. 








Weso formation , l Not exposed Marine sandstone and limest 


bo formation 6 jot exposed - Marginal marine semdstone, limestone, and siltstone. 
4 
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GENERAL GEOLOGY 
Stratigraphy 

Consolidated sedimentary rocks in the Ambrosia Lake district have an 
aggregate thickness of about 5,200 feet (Table 1) and range in age from 
Permian to Cretaceous. 

The Morrison formation of Late Jurassic age, in which most of the uranium 
deposits occur and with which this report is primarily concerned, is underlain 
by the Bluff sandstone of Late Jurassic age and overlain by the Dakota sand- 
stone of Early (?) and Late Cretaceous age. The Morrison formation is 
a continental and lacustrine deposit consisting of three members in this 
part of New Mexico. These are, from bottom to top, the Recapture shale, 
the Westwater Canyon sandstone, and the Brushy Basin shale. 

Recapture Member.—The Recapture member consists of alternating varie- 
gated greenish-gray mudstone, purplish- and grayish-red, silty sandstone, and 
minor amounts of white and buff, coarse-grained, lenticular sandstone. The 
member ranges in thickness from 137 to 232 feet and crops out as steep slopes 
and badlands. 

Westwater Canyon Member.—The Westwater Canyon member is a fluvial 
arkosic sandstone interstratified with minor amounts of layered mudstone. 
Sandstone at the outcrop is pale yellowish gray, reddish brown, and yellowish 
orange ; mudstone is pale greenish gray and, rarely, red. The member ranges 
in thickness from as little as 30 feet to as much as 270 feet and consists of 
cross-stratified beds and lenses. 

These strata were deposited by anastomosing streams which, by constantly 
shifting their courses and subsequently eroding through previously cut and 
filled troughs, produced a complex of discontinuous channel sands. Tops 
and bottoms of these sandstone strata are curved or nearly planar erosion 
surfaces or disconformities that mark the surface of the shallow scoured 
troughs. The traceable extent of these disconformities is generally only a 
few tens of feet, though rarely as much as several hundred feet. The dis- 
conformities terminate either by being cut out by another disconformity or 
by dying out into surrounding crossbeds. 

Grain sizes of the sandstones range from very fine to very coarse and 
the degree of sorting is variable. Fine-grained sandstone is generally well 
sorted although it locally contains considerable clay; coarse-grained sand- 
stone is poorly sorted. The grain size is generally coarser above discon- 
formities than below, and the disconformities are commonly marked by a 
layer of mudstone conglomerate. 

Current lineations and axes of crossbed troughs trend, for the most part, 
in an east-southeasterly direction although locally they have random orien- 
tations. 


Brushy Basin Member—The Brushy Basin member consists of gray, 


greenish-gray, and yellow siltstone and mudstone. It contains scattered 
thick sandstone lenses lithologically similar to the Westwater Canyon sand- 
stone. The thickness of the member ranges from 62 to 128 feet. One 
particularly extensive sandstone lens occurs near the base of the member. 
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It merges with the Westwater Canyon member in the district but in most 
places is separated from the top of the Westwater Canyon member by as 
much as 40 feet of Brushy Basin mudstone. This sandstone is locally known 
as the Poison Canyon tongue or sand (9). 


Igneous Geology 


The Ambrosia Lake district is northwest of and adjacent to the Mount 
Taylor volcanic field. Rocks of the volcanic field are rhyolitic tuff, trachyte, 
latite, and porphyritic andesite erupted during Miocene time, and basalt flows 
erupted during Pliocene, Pleistocene, and Recent times (14). 


Structure 


The Ambrosia Lake district is situated along the northeast flank of the 
Zuni Mountains upwarp on a homocline that has been variously referred 
to as the Thoreau homocline and the Chaco platform or slope. The homo- 
cline forms the southwestern rim of the San Juan Basin and is one of several 
platforms around the rim of the basin (16). The regional dip of 3° to 5 
to the northeast is interrupted at many places within the district by faults 
and folds. 

Folds that were formed both before and after deposition of the Dakota 
sandstone can be recognized. The pre-Dakota folds, according to Hilpert 
(10), consist of broad, gentle, east-trending warps that were formed con- 
temporaneously with the deposition of the Morrison formation and smaller 
intraformational folds in the Todilto limestone that were probably formed, 
in part at least, before the Todilto was well consolidated. The post-Dakota 
folds were probably formed during the major period of uplift of the Zuni 
Mountains in Middle Tertiary time. One of these, the Ambrosia dome 
(Fig. 2), has a closure of about 500 feet. 

The faults can be arbitrarily divided into three sets according to their 
strikes: (1) north to northeast, (2) northeast to east, and (3) northwest. 
Although no age relationships have been established among the sets tentative 
evidence indicates that all the faults are later or contemporaneous with the 
post-Dakota folds. With the exception of a few east-trending strike-slip 
faults, all are high-angle normal faults. 

The largest and most continuous faults in the district trend to the north 
or northeast. Several can be traced for tens of miles and have several 
hundred feet of throw. Many smaller faults also belong to this set. 


Faults of the northeast- to east-trending set ordinarily have a much 
shorter traceable strike length and smaller displacement than the north- 
trending set. Although many of these northeast- to east-trending faults 
were noted during surface mapping (R. E. Thaden, written communication ) 
only a few have been seen in the mines. 


Smaller northwest-trending faults with maximum displacement of about 
50 feet are common in some of the mines, particularly those on the flanks of 
the Ambrosia dome. 
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Most joints in the district are subparallel to nearby faults, but randomly 
oriented joints are abundant in some places. Joints commonly occur in 
swarms near faulted areas and are much less abundant in the intervening 
areas. 


MINING HISTORY 


The discovery that led to large-scale uranium mining in New Mexico is 
generally acknowledged to have been made in 1950 by Paddy Martinez, an 
Indian sheepherder. Secondary uranium minerals later identified as tyuyam- 
unite were found in an outcrop of Todilto limestone near Haystack Butte, 
18 miles northwest of Grants. 

Ore from the Todilto limestone made up a large though decreasing 
percentage of the total uranium production from the area until 1956. By 
that time depletion of some of the larger ore bodies in the Todilto together 
with development of more recently discovered sandstone-type ore made 
production of limestone ore comparatively insignificant. 

Uranium ore is generally believed to have been discovered in the Poison 
Canyon tongue (9) of the Morrison formation in Jaunary 1951 on Santa Fe 
Railroad property at Poison Canyon about 6 miles east of Haystack Butte. 
Subsequently, other ore bodies were discovered in this same sandstone layer. 

In the fall of 1954, Louis Lothman of Mid-Continent Exploration Co. 
reportedly tested cuttings from a petroleum exploration well drilled on Am- 
brosia dome in 1928 by Stella Dysart. The cuttings contained uranium, 
and subsequent drilling disclosed a large ore body in the Westwater Canyon 
member of the Morrison formation. This ore body was the first to be dis- 
covered in the Westwater Canyon member in the Ambrosia Lake district 
and was developed into the Rio De Oro (Dysart Nos. 1 and 2 shafts) mine, 
later acquired by Hidden Splendor Mining Co. 

Following the discovery of the Rio De Oro ore body, extensive exploratory 
drilling of the flatland, covered by Mancos shale, between the Dakota and 
Mesaverde escarpments resulted in the discovery of millions of tons of 
uranium ore in the Westwater Canyon 125 to 2,200 feet below the surface. 

About 25 mines in the Morrison formation are in operation in the district 
at the present time. The six major producers are: Homestake-Sapin Part- 
ners, Homestake-New Mexico Partners, Kermac Nuclear Fuels Corp., Phil- 
lips Petroleum Co., Calumet and Hecla, Inc., and Hidden Splendor Mining 
Co. In addition, many small mines are in the Todilto limestone and the 
Dakota sandstone, most of which are mined out. 


URANIUM DEPOSITS 


Only the Morrison ores, which constitute more than 90 percent of the 
reserves in the district, are considered in this paper, although minable 
uranium ore bodies occur in the Todilto limestone and the Dakota sandstone 
as well as in the Morrison formation. 


The uranium deposits are typically layered, parallel or subparallel to the 
stratification, and occur at all stratigraphic horizons in the Westwater Canyon 
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member and the Poison Canyon tongue of the Morrison formation. Most 
of the larger and higher grade ore bodies are in the top half of the Westwater 
Canyon member or near the base of the Poison Canyon tongue. 

Because the host rocks dip northeasterly under younger rocks, ore bodies 
occur at depths ranging from the outcrop in the vicinity of the Poison Canyon 
mine to more than 2,000 feet. The deepest ore bodies being mined are at 
the San Mateo mine, about 1,100 feet, and the Cliffside mine, about 1,400 
feet beneath the surface. 

Ore Varieties 

Both oxidized and unoxidized ores are found in the Ambrosia Lake 
district. Unoxidized ores make up by far the greater part of the uranium- 
bearing material and are of principal concern in this report. Oxidized ores 
have been found in near-surface deposits but have received very little atten- 
tion during this study. 

Unoxidized ores in the district can be divided into two groups: (1) pre- 
fault ores, and (2) postfault ores. Prefault ores are gray, black, or brown 
and occur in layered deposits which are primarily stratigraphically controlled. 
Postfault ores occur in a variety of colors but are most commonly pale 
purplish brown and form deposits that are both structurally and stratigraph- 
ically controlled. 


Black prefault ore owes it color to a black organic substance (p. 35) 
similar in appearance to asphalt, that coats sand grains, replaces or stains 
clay minerals, and, where particularly abundant, fills the interstices. The 
black ore ranges from grayish black to medium light gray depending on the 
thickness of the organic films and the amount of interstitial filling. Sufficient 


uranium generally is associated with the organic material to make the sand- 
stone ore-grade even though the coating on each sand grain may be almost 
vanishingly thin. Much of the uranium occurs as extremely fine grained 
coffinite disseminated in the organic matter. 

Brown prefault ore also owes its color to organic matter that coats the 
sand grains, but rarely, if ever, fills interstices. At places the brown ore 
forms a border zone to black ore bodies: the black ore grades to brown ore 
and, in turn, the brown to barren rock. The color of the brown ore appears 
to be largely a function of the concentration or amount of organic matter in 
some places. It is possible, however, that some of the brown ore remote 
from black ore may be a completely different substance or may be black 
organic matter somewhat altered (as by oxidation). Most of the brown ore 
is brownish gray or light brownish gray. The form of the uranium in this 
ore has not yet been determined but is assumed to be coffinite as in the 
black ore. 

Postfault ore is less abundant in the district than the prefault ore, but in 
some deposits it constitutes most of the ore being mined. Where best de- 
veloped, the ore has a definite purplish-brown cast, although it grades into 
ores that are dark gray to nearly white. As a general rule, the purple cast 
is more pronounced in the darker colored ores, but it is ordinarily very 
subtle and in many places cannot be recognized unless the rocks are damp. 
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Postfault ore ordinarily contains very little organic material even though 
it may have been derived by redistribution from the prefault ores. Each 
sand grain appears to be coated with a thin film of brown to purplish-brown 
material that contains coffinite. This material is missing or vanishingly 
thin in much of the light-colored ores. 

A characteristic feature of some of the postfault ore is the presence of 
minute black grains of vanadium minerals perched singly or in aggregates on 
many of the sand grains. 


Fic. 3. Idealized exploded block diagram showing typical relationships of 
prefault ore bodies throughout the district. The ore bodies are elongate, lens- 
shaped masses arranged singly or en echelon vertically and horizontally. 


Size and Shape of Ore Bodies 


The uranium deposits commonly comprise a cluster of several ore bodies. 
A deposit is herein defined as a mass of rock in which the uranium content 
exceeds the normal, or background, concentration by some finite amount. 
Ore bodies are more readily delineated than the shapes of deposits because 
of the intensive efforts by the mining companies to block out minable ore. 
For the purposes of this paper, rock with an average content of approximately 
0.15 percent or more U,QO, is defined as ore. The shapes of ore bodies are 
quite likely, therefore to be different in detail from the overall shapes of the 
deposits in which they occur. 

Most of the prefault ore bodies are flat-lying, mantolike masses, elongate 
in a west-northwesterly direction. They occur singly, side-by-side, irregu- 





1190 GRANGER, SANTOS, DEAN, AND MOORE 


larly en echelon, shingled, stacked, and in various combinations of these re- 
lationships (Fig. 3). 

Individual ore bodies are as much as 3,000 feet long and several hundred 
feet wide. Prefault ore bodies rarely are more than 15 feet thick and, where 
greater thicknesses have been found, there generally has been some redistri- 
bution of the primary ore. 

Most of the prefault ore bodies display a variety of irregularities that 
modify their typical tabular form. Vertical sections show that these irregu- 
larities are more pronounced across the short dimension of the ore bodies, and 
result most commonly in abrupt changes in horizon. The ore layers may 
split in the transverse direction and occupy two horizons or may abruptly 
plunge to a lower horizon along a “roll” surface. The ore layers also 
change thickness more abruptly in a transverse direction. Because the 
stratigraphic features which control the shapes of ore bodies are of limited 
lateral extent, irregularities in shape develop where the ore passes from 
one controlling feature to another 

Postfault ore bodies also can be roughly tabular but, because they are 
controlled by a combination of stratigraphic and structural features, they 
assume more varied shapes than do the prefault ore bodies. Where faults 
and joints are the dominant control, the postfault ore bodies are elongate in 
a direction parallel to the structure. Where stratigraphic controls are 
dominant they tend to parallel the trend of the prefault ore bodies. 

Postfault ore forms stacked ore bodies within faulted zones in several 
of the deposits. In these, the ore is sporadically distributed throughout a 
stratigraphic interval of as much as 100 feet. The elongation of these ore 
bodies is ordinarily parallel to the faults that control them. 


Relationship to Structural Features 


The prefault deposits in the Ambrosia Lake district do not appear to be 
controlled by recognized major structural features. Most of the large de- 
posits in the district are distributed along two west-northwest-trending belts 
2 to 3 miles apart (Fig. 2). Deposits in the northern belt are dominantly 
in the Westwater Canyon member and those in the southern belt are believed 
to be in the Poison Canyon tongue. The trend of the belts and the elongation 
of individual deposits within them do not coincide with major structural 
trends, and there is no convincing evidence that they are controlled in any 
way by faults or post-Dakota flexures. The northern belt is superimposed, in 
part, on Ambrosia dome and the related east-southeast-trending syncline, 
but the trend of both the belt and elongation of individual deposits is across 
the trend of the flexures (Fig. 2). 

The southern belt, from its western extremity eastward to the San Mateo 
fault, occupies an undisturbed part of the Chaco slope. To the east of the 
fault it is almost normal to the axis of a northeast-plunging anticlinal nose. 
These structural features do not appear to interrupt the trend of the belt. 

An indirect structural control of the deposits is suggested by the work 
of Hilpert (11). His stratigraphic studies indicate that the thicker parts 
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of the sandstone units, in which most of the deposits occur, are elongated 
west-northwest and that the sandstone lenses are more continuous in this 
direction. This trend of elongation is parallel to the trends of the two ore 
belts described above. Hilpert has attributed the thickening and continuity 
of the sandstones along this trend to folds that developed during deposition 
of the Morrison formation. He has suggested that the folding tended to 
localize into easterly courses the streams that deposited the thick continuous 
sand lenses. 

All the faults observed underground postdate the black or brown ore 
bodies, as bedding planes and ore layers are invariably displaced the same 
amount. Many faults displace the ore only a few inches and the maximum 
displacement is probably not much more than 50 feet. 

The postfault ore, however, appears to have been localized by faults and 
joints as well as by stratigraphic structures. Postfault ore layers thicken 
adjacent to faults, in some places, and strongly jointed areas contain bodies 
of ore that merge with prefault ore away from the jointed area. 


Relationships to Stratigraphic Structures and Textures 


Sedimentary structures and textures within the thicker parts of the West- 
water Canyon member and the Poison Canyon tongue control the ore de- 
posits, at least in part. Most of the ore deposits are suspended in elongate 
zones of thicker, cleaner more continuous sandstone that contains relatively 
less mudstone as layers and lenses than the same units at the margins of 
the zones. Local control of the prefault ore bodies is exerted by depositional 
trends, intraformational disconformities, mudstone layers, and perhaps by 
grain size and calcite cement, but there are many place where the positions of 
ore layers cannot be readily related to any recognizable local stratigraphic 
control. 

The long dimensions of the ore bodies commonly parallel the directions 
of depositional trends. Depositional trends are indicated by the alignment 
of current lineations (streaking on the base of low-angle cross-laminae), 
fossil logs, paleochannels, and the dip of cross strata. Current lineations are 
predominantly aligned in an easterly to southeasterly direction throughout 
the area of the ore deposits. Within individual deposits most current linea- 
tions are subparallel to the direction of elongation of the ore bodies. A 
subordinate set of current lineations trends northeast in the Poison Canyon 
tongue and in the upper parts of the Westwater Canyon member. Where 
this trend has been observed in the same rock containing an ore body, the 
ore body widens in a northeasterly direction. Dip directions of cross strata 
have not been studied in detail because it is believed that the current lineations 
adequately indicate the depositional trends and are more readily measured. 

Intraformational disconformities and scour surfaces are the dominant 


local control of the shapes and positions of primary ore bodies. Ore layers 
commonly occur above, below, or enclose disconformities, particularly those 
marked by a layer of mudstone conglomerate. The disconformities, ordi- 
narily, are traceable laterally for, at most, only a few tens of feet whereas 
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the ore layers are much more continuous. In passing from one discon- 
formity to another, the ore may assume a variety of irregular shapes (Fig. 4). 
Ordinarily the ore layers parallel a disconformity to a point where the texture 
of the rocks above and below the surface is similar—only rarely do they 
abruptly cross prominent disconformity surfaces. 

The mudstones of the Brushy Basin and Recapture members are cer- 
tainly barriers to the extent that ore bodies do not cross or penetrate them, 
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Fic. 4. Vertical sections across selected parts of prefault ore bodies to 
illustrate relationship to intraformational disconformities. 


but they are not, strictly speaking, ore controls. Only rarely do ore layers 
contact these mudstones directly but are separated from them by at least 
a few feet of barren sandstone. Thinner, more discontinuous mudstone 
lenses within the host sandstones, on the other hand, locally exert a control 
over the ore layers in a manner similar to intraformational unconformities. 
Typically, ore layers appear to avoid mudstone layers unless they are quite 
thin and discontinuous. 

There is some evidence that the primary ore tends to be associated locally 
with the finer-grained sandstones. In many places very fine- to medium- 
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grained sandstones are the ore bearers, whereas medium- and larger-grained 
sandstones within the same depositional sequence are not. This is not an 
invariable criterion, however, and in a few places the reverse is true. 

Generally, the calcite cement in the host rocks exerts no control over 
the ore, but there are some places where it appears to be a local control. In 
the Marquez mine an ore layer in sandstone is, in places, suspended 1 to 4 
feet above the underlying mudstone. The barren sandstone below the ore 
is calcite-cemented and it may be that this calcite is preore and acted as a 
harrier against which the ore was deposited. Calcite-cemented rocks are not 
uraniferous in some postfault ore bodies, suggesting that the ore was deposited 
after the host rock was cemented by calcite. 


Color of Sandstone as an Index of Favorability 


The dominant color of the Westwater Canyon member at the outcrop and 
at depth is reddish (19, 24, 30). Near uranium deposits, however, the West- 
water Canyon is nearly white. Drilling and exploration in the district have 
been guided, in part, by these color distinctions between “favorable” and 
“unfavorable” sandstones. 

The bleached or favorable rock ranges from white to light gray (N9-N7) ? 
where unoxidized. Local zones of faintly yellowish or pinkish tints and 
darker grays are probably related to mineralization and do not affect the 
favorability. Much of the iron in the rock is contained in minute pyrite 
crystals perched on the sand grains. 


Weathered favorable sandstone ranges from very pale orange to dark 
yellowish orange (1OYR8/2, 1OYR8/6, 1OYR7/4, 10YR6/6). The pyrite 


has been largely destroyed and many of the sand grains are coated with a thin 
film of limonite. Rarely the weathered sandstone is as pale as very light 
gray and probably represents a pyrite-poor favorable sandstone. 

In faulted areas the favorable sandstone may be oxidized far beneath 
the surface, even well below the present water table, and the pyrite is com- 
monly altered to limonite just as at the weathered outcrops. The oxidation 
colors at depth are ordinarily a little stronger yellow than at the outcrop 
and range from pale yellowish orange to dark yellowish orange (10YR8/6, 
10YR7/4, 10YR6/6). 

It has been inferred that originally all sandstone of the Morrison were 
reddish (24, p. 16; 30, p. 6) and that the favorable sandstone is a result of 
a color change (19, p. 5) from this “original” sandstone. This may be true 
outside the Ambrosia Lake district, but within the district much of the existing 
red sandstone represents epigenetic oxidation of the pyrite-bearing favorable 
sandstone. It is not known, as yet, whether any “original” red sandstone 
exists within the district. Although “original” red sandstone may be un- 
favorable for uranium deposits (19), the presence of epigenetic red sandstone 
does not preclude the possibility of uranium occurring nearby. High-grade 
ore bodies have been found immediately adjacent to the epigenetic red sand- 
stone. 


2 Color symbols used in this report refer to “Rock-Color Chart’ (6) 
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Much of the epigenetic red sandstone in the district occurs in faulted and 
jointed areas. It has been found well below the water table in such deposits 
as the Kermac Sec. 22 and Homestake-Sapin Partners Sec. 23 and occurs 
under similar conditions to the yellowish limonitic sandstone but at generally 
greater depths. The red color is caused by hematite, which generally forms a 
thin film on sand grains but locally forms spots and, more rarely, pseudo- 
morphs after pyrite. Epigenetic red sandstones below the surface are ordi- 
narily moderate to dusky red (5R5/4—-5R3/4) but locally range to moderate 
reddish brown (10R4/6). Where exposed at the surface the color is mod- 
erate orange pink to moderate reddish brown (10R7/4, 10R5/4, 10R6/6, 
10R4/6). The outcropping sandstone is slightly more yellow than the un- 
weathered sandstone and this possibly reflects the conversion of small amounts 
of ferrous iron in the rock to limonite under weathering conditions. 

Another variety of reddish rock developed by epigenetic hematitic altera- 
tion has been noted in the near-surface deposits. The rock color has been 
described by Sharpe (24, p. 10) as a useful secondary ore guide within the 
favorable limonitic sandstone in the Church Rock area northeast of Gallup, 
N. Mex., but similar coloration of the Westwater Canyon member and of 
the Poison Canyon tongue also occurs in the Ambrosia Lake district. In our 
experience at Ambrosia Lake this type of coloration, where related to uranium 
deposits, is associated exclusively with redistributed secondary (oxidized) 
low-grade ores near the outcrop. The color ranges from near moderate red 
to very dark red (5R4/6, 5R3/4, 5R2/6). Secondary uranium minerals are 
locally concentrated near the margins of these strongly colored zones. 

Most of the uranium deposits in the Morrison formation on the Colorado 
Plateau (29, p. 18-19), as well as the ore deposits at Ambrosia Lake, are 
in light-colored so-called favorable sandstone rather than in the more prevalent 
red, or “unfavorable” sandstone. The most comprehensive study of favor- 
able and unfavorable sandstone was made on the Salt Wash sandstone mem- 
ber of the Morrison formation in the Slick Rock district of Colorado by 
Shawe, Archbold, and Simmons (25), who found that the original red sand- 
stone contains abundant heavy opaque detrital minerals but little or no organic 
carbon. The color is due to thin films of hematite on individual sand grains. 
Light-colored, favorable sandstone is developed by diagenetic processes 
where organic carbon, such as fossil wood fragments, is present. Sand grains 
in favorable sandstone have no hematite coating, and heavy opaque minerals 
are partly destroyed with attendant development of pyrite. In sandstone 
adjacent to uranium deposits heavy opaque minerals have been almost com- 
pletely destroyed, presumably by epigenetic processes. The data of Shawe, 
Archbold, and Simmons suggest that the heavy opaque minerals originally 
in the light-colored sandstones contained an adequate amount of most of the 


metallic elements now found in the deposits, with the possible exception of 


uranium, to have formed all the deposits known in the area. 

Studies similar to those of Shawe, Archbold, and Simmons should be 
conducted to test the applicability of their hypotheses to the Ambrosia Lake 
district. 
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Mineralogy 


The Ambrosia Lake ores have a comparatively simple mineral assemblage. 
The prefault ores, the postfault unoxidized ores, oxidized parts of ore bodies, 
and efflorescences on mine walls each compose rather distinctive suites of 
minerals as shown below. The descriptions of individual minerals follow. 

Carbonaceous Matter —Although not properly a mineral, the carbonaceous 
matter, with which much of the ore is intimately associated, is so mineral- 
like in occurrence that it can hardly be discussed separately from the ore 
minerals. In addition, because of its organic nature, it is permissible to 
speculate briefly on its origin and localization without becoming involved 
with the more controversial problems of origin of the uranium and other 
metallic elements in the ores 


' Premining oxidized Effiorescent and other 
Prefault ores Postfault ores 
minerals postmining minerals 


Carbonaceous matter Carbonaceous matter Metatyuyamunite Andersonite 
(major) minor 


Coffinite Coffinite Tuyuamunite Zippeite 


Jordisite Uraninite Carnotite Pascoite 

Ferroselite ( ?) Montroseite Autunite Thenardite 

Pyrite Paramontroseite Metaautunite Ilsemannite 
Haggite ( ?) Ilsemannite Red selenium 
Ferroselite Gray selenium Metatyuyamunite 
Pyrite Red selenium ( ?) | 
Barite 


Several types of carbonaceous material are recognizable, based largely 
on mode of occurrence. One type replaces parts of fossil wood fragments, 
particularly the outer rims, locally fills fractures in the fossil wood, and 
commonly impregnates the adjacent sandstone. A rarer type fills fractures 
in the sandstone and is generally, but not invariably near obviously leached 
zones in black ore. The most abundant type, the one with which most ore 
is associated, forms films on sand grains and fills pore spaces within the sand- 
stone. In addition there is a variety of subtypes based on color, hardness, 
and luster. 

The type of carbonaceous material that is recognizable as fossil wood 
has been variously called carbonized wood, coaly material, coalified wood, 
and similar terms. The type that fills fractures and forms coatings and 
impregnations in the sandstones has been called asphalt, asphaltite, hydro- 
carbon, carbonaceous matter, and kerogen. We have used the term “kero- 
gen’ (8) in the sense used by Forsman and Hunt (4) for insoluble car- 
bonaceous materials, but as it had earlier been used as a name for “the car- 
bonaceous matter in shale that gives rise to crude oil on distillation” (26) 
this earlier usage should take precedence. In this report we use the gen- 
eral term “carbonaceous matter” for all such carbonaceous materials that 
impregnate, replace, or fill fractures in sandstones and mudstones, which are 
essentially insoluble in acids, alkalis, and organic solvents, and with which 
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uranium is commonly associated. The term “coalified wood” will still be 
reserved for fossil wood that has apparently been converted to coal in situ. 

Few analytical data are yet available for carbonaceous matter from Am- 
brosia Lake, but very similar, if not identical, carbonaceous matter from 
Temple Mountain, Utah, and Laguna, N. Mex., has been extensively ana- 
lyzed (I. A. Breger and Maurice Deul, written communications). Some 
of the following properties, therefore, were obtained from these data. 

Physically, carbonaceous matter resembles both coals and asphalts. It 
is most commonly dark gray to black, but may have a brown cast or color 
that is particularly noticeable in partly oxidized specimens and where it 
forms very thin films. Luster ranges from pitchy or vitreous to dull. The 
hardest varieties are probably no greater than 2.5 on the Moh’s scale, and 
the fracture is ordinarily conchoidal. The exact specific gravity of car- 
bonaceous matter from Ambrosia Lake has not been determined, but rapid sink 
and float tests indicate a variable specific gravity. Variation in specific gravi- 
ties is partly the result of included inorganic impurities such as uranium 
(Breger and Deul, id.) and probably clays. 

Chemically, the carbonaceous matter of the Ambrosia Lake ores resembles 
coals (I. A. Breger, written communications, 1959) and the closely related 
organic or humic acids. In the natural state it is almost totally insoluble 
in acids, alkalies, and organic solvents. Infrared absorption spectrographs 
of this carbonaceous matter more nearly resemble low-rank coals than they 
do wurtzlite, gilsonite, and other asphaltic materials. The carbon, hydrogen, 
nitrogen, and oxygen contents are more nearly similar to low-rank coals 
(Breger and Deul, id.) than to petroliferous substances such as hydrocarbons. 

To further characterize the carbonaceous matter at Ambrosia Lake, we, 
aided by Irving Frost, have conducted a few elementary experiments in- 
volving partial oxidation by nitric acid. Digestion of finely divided car- 
bonaceous matter for 24 hours over a stream bath in 4 N nitric acid renders 
a part of it soluble in alkaline solutions. Addition of brine or lowering the 
pH to 4 or 5 in the alkaline oxidized solution of carbonaceous matter results 
in the formation of a brown flocculant precipitate that dries to a hard, black 
vitreous material resembling the original carbonaceous matter. This pre- 
cipitate can be readily redissolved in alkaline solutions and is partly soluble 
in acetone. Infrared absorption spectrographs (L. D. Frederickson, Jr., 
analyst, Spectran Laboratories, Denver) of the original carbonaceous matter. 
the precipitate soluble in alkaline solution, and the acetone-soluble fraction 
are markedly similar except that the precipitates, particularly the acetone- 
soluble one, have patterns that indicate larger amounts of carboxylic and 
aliphatic structures. Carboxylic acid groups are dominant functional groups 
in all of these fractions as well as in several other samples of untreated car- 
bonaceous matter. 


The chemical and physical properties of carbonaceous matter after partial 


oxidation closely resemble those of humic acids, which are derived from 
decaying vegetal matter. Similar oxidation of coals and carbonaceous shales 
(4) also yields so-called “reconstituted” humic acids. A large part of all 
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coal has gone through an early gelatinous peaty stage which is composed 
partly of water-soluble organic acids. 

Inasmuch as carbonaceous matter so closely resembles coals, and by 
standard methods can be converted to reconstituted humic acids, we have 
concluded tentatively that decaying vegetal matter constitutes its most plausible 
source. It should be pointed out, however, that several geologists have 
proposed or concurred with theories involving a source from petroleum (D. 
E. Mathewson, written communication, 1953, 1, 15, 18, 19, 23, 30, 31). 

1. Dakota source hypothesis: The Dakota sandstone overlaps the trun- 
cated edge of the Morrison on the Zuni uplift to the southwest of Ambrosia 
Lake because of Early Cretaceous erosion (21), and the basal part of the 
Dakota in much of this area is composed of a black, fissile, carbonaceous, 
coal-bearing shale. During Cretaceous time, therefore, the exposed edge 
of the Morrison formation up dip from Ambrosia Lake was overlain for a 
while by a highly vegetated, boggy terrain. Water-soluble humic compounds 
derived from decaying vegetal matter were washed down dip through the 
permeable Westwater Canyon member until they came in contact with stag- 
nant saline or acidic waters that had accumulated in the aquifers of the San 
Juan Basin. At this point, precipitation of the carbonaceous matter oc- 
curred. An upward fluctuation in the interface between solutions would 
tend to preserve the carbonaceous matter, whereas any downward fluctuation 
would tend to redissolve and reprecipitate it farther down dip. 

This seems to be a credible hypothesis in view of the excellent source 
of water-soluble humic derivatives and the reasonable structural relationships. 
2. Syngenetic source hypothesis: The amount of detrital fossil plant 
debris in the Morrison formation suggests that vegetation was abundant 
somewhere in the headwaters of the streams that deposited the sandstones. 
The streams may, therefore, have contained a dissolved complement of humic 
matter derived from decaying vegetation. Streams flowing over permeable 
materials have a certain amount of underflow, and the composition of the 
underflow is a function of the composition of the stream water modified by 
the chemical environment of the permeable streambed. The underflow 
would, therefore, also contain dissolved humic matter. Under certain con- 
ditions the margins of the underflow are probably marked by a fairly sharp 
interface with relatively stagnant ground water. If the composition of the 
stagnant ground water were such that the humic matter would be insoluble, 
carbonaceous matter would be precipitated in the pores of the rock at the 
interface between the underflow and the ground water. Fluctuations of the 
interface would tend to either preserve or dissolve and redistribute the car- 
bonaceous matter. 

Although this hypothesis would explain the elongation of deposits parallel 
to depositional trends and would account for multiple layers of carbonaceous 
matter as the sands were laid down, it is questionable if the concentration 
of dissolved humic matter in the underflow would be adequate to produce the 
large accumulations now known. In some places the dissolved humic acids 
in present-day well waters, however, are sufficient to color the water brown 
(27), and it is possible that such a condition existed in Morrison time. 
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3. Internal source hypothesis: Considerable vegetal debris such as logs 
and limbs of trees was deposited as a detrital constituent of the Morrison 
sands. Subsequently most of this fossil plant matter was either coalified or 
silicified. The coalified fragments are commonly surrounded by a rim or 
aureole of vitrainlike material that replaces or impregnates the surrounding 
sandstone. In some places this material forms layers and streaks that 
extend several feet from the coalified fossil wood fragment. The silicified 
fossil plant fragments are wholly or partly replaced by chert or chalcedony. 

Most of the carbon in the original wood appears to have been retained 
by the coalified fragments, although the rims, aureoles, and layers of vitrain- 
like material in the adjacent sandstone suggest that some of the organic 
material was mobile. Much if not all the original carbon in silicified frag- 
ments, on the other hand, has been removed. It might be inferred that 
some of the organic material in coalified fragments and much of that originally 
present in silicified wood was diagenetically converted to humic matter 
soluble in the ground waters. These humic-charged ground waters were then 
moved about under hydrostatic gradients imposed by pre-Dakota(?) struc- 
tural adjustments, and the carbonaceous matter was precipitated in a manner 
similar to that proposed under (1) above. 

This hypothesis merits consideration because of the widespread avail- 
ability of source material for soluble humic matter. Whether silicification 
of woody debris results in the release of so-called humic acids, however, is 
not known. This, coupled with the fact that much of the organic material 
in woody fragments was retained during coalification, casts some doubt 
that the ground waters could ever have acquired a concentration of soluble 
humic matter from an internal source. 

Uranium Minerals.—Coffinite (U(SiO,), .(OH),x) is by far the most 
important and abundant ore mineral yet recognized. It occurs mostly in 
carbonaceous matter but is too fine grained to be identified optically. Some 
coalified wood fragments also contain extremely fine grained coffinite. In 
the postfault ore, where the organic carbon content is generally low, coffinite 
occurs as a constituent of a thin reddish-brown coating on sand grains and 
perhaps as microscopic jet black columnar crystals perched individually or in 
clusters on sand grains. Heavy mineral separates consisting largely of these 
black grains give an X-ray pattern containing both coffinite and paramon- 
troseite lines. Stripping film placed over these black mineral grains show 
many alpha tracks emanating from some of the grains and none from others. 
The tentative conclusion is that some of the black grains may be coffinite. 

Pitchblende (uraninite) (UO,,) has been identified in the ores of the 
Mesa Top and Poison Canyon mines (R. G. Young, written communication, 
1956). Few descriptive data are available on these occurrences, but it is 
known that the samples came from well above the ground-water table. 
The only pitchblende yet found below the water table is in the Kermac Sec. 
22 mine. Pitchblende was found here by the mine geologist, David Smouse, 
on the 6,450-foot level about 100 feet below the premining water table in a 
vug along a northwest-trending fracture. Edward Young of the Geological 
Survey verified the field identification by X-ray powder pattern. The pat- 
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tern was somewhat diffuse, indicating either extremely small grain size or 
poor crystallinity. Most of the pitchblende occurred as a botryoidal crust 
less than 2 mm thick on the fracture and vug walls in an area not more than 
2 feet in diameter. The remaining opening of the vug was filled with cal- 
cite, and the adjacent wall rock contained abundant disseminated pyrite. 

Although this occurrence of pitchblende was below the present ground- 
water table, hematite and limonite derived from oxidized pyrite also occur in 
places on this level of the mine. It is likely that the pitchblende was de- 
posited from ground-water solutions by reduction of uranium acquired from 
oxidation of coffinite nearby. To date, no pitchblende has been recognized 
in any deposit that is not either above the water table or near oxidized areas 
below the water table. 

Tyuyamunite (Ca(UO,), V.O,-5-8$ H,O), metatyuyamunite (Ca- 
(UO,), V,O,-3-5 H,O), and carnotite (K,(UO,), V.O,-n H,O) occur in 
deep deposits that contain oxidized postfault ore and in deposits that are 
near the surface. Tyuyamunite and metatyuyamunite result from oxidation 
of preexisting uranium and vanadium minerals and form earthy yellow 
crusts on fracture surfaces, or are disseminated through the host rock. 
Metatyuyamunite commonly coats the fracture surfaces where paramon- 
troseite-filled fractures intersect an oxidation interface. Disseminated tyu- 
yamunite and metatyuyamunite can result from oxidation of postfault ore. 
More rarely, tyuyamunite forms an extremely fine-grained coating on mine 
walls that are wet with a thin film of flowing water. Well-crystallized 
carnotite was found in the Kermac Sec. 22 mine, where it forms sparse 
crinkled books and plates on fracture surfaces 100 feet below the water 
table. This is, at the present time, the only reported occurrence of carnotite 
from the Morrison formation in the district. 

Autunite (20) (Ca(UO,),(PO,),-10-12H,O) and _ metaautunite 
(Mathewson, written communication, 1953) (Ca(UO,),(PO,),-nH,O) 
occur sparingly in the oxidized parts of some near-surface deposits, but have 
not been recognized in the deeper deposits. 

Efflorescent zippeite (2U0,-SO,°5H,O) develops locally on the walls of 
some of the drier mines. It favors the surfaces of high-grade, carbonaceous 
ore and is rarely present in low-grade ore. 

Efflorescent andersonite (Na,Ca(UO,)(CO,),-6H,O) is commonly found 
in close association with thenardite on damp mine walls in well-ventilated 
parts of mines where water seepage is balanced by evaporation. 

Vanadium Minerals——Montroseite (VO(OH)) and _ paramontroseite 
(VO,) are common in the postfault ores but paramontroseite is much more 
abundant. They occur as fracture fillings, impregnations, and disseminated 
crystals. In fractures they both generally form a jet-black velvety layer 
of small acicular crystals. The needles are very fragile and, when rubbed, 
smear to a shiny gray metallic-appearing surface. Paramontroseite also 
occurs as minute acicular crystals that are perched individually or in clusters 
on sand grains in association with coffinite throughout much of the postfault 
ore. 


In some samples there are minute grains of a black nearly equidimensional 
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mineral perched on the sand grains and these give an X-ray pattern similar, 
but not identical to haggite. 

Minerals with vanadium in the V** or V** state have not yet been recog- 
nized in the prefault ores except as fracture fillings. Vanadium, in the highly 
oxidized V*’ state, occurs largely in carnotite, tyuyamunite, and meta- 
tyuyamunite described above as uranium minerals. 

Both orange and green varieties of pascoite (Ca,V,,O.,*16H,O) are 
found as efflorescent minerals on the walls of some mines that contain post- 
fault ore. The orange variety is the more common and forms brittle crusts. 
The green variety occurs as small excrescent aggregates of olive-green crys- 
tals, in some places protected by a bubblelike crust of orange pascoite. 

Molybdenum Minerals—A mineral, tentatively identified as jordisite 
(Mo sulfide?) is locally abundant in most of the deposits. It typically occurs 
at the margins of black ore bodies and less commonly within the ore layers. 
The jordisite forms a very finely-divided aggregate that coats sand grains 
or is disseminated in the organic matter. As a grain-coating it makes the 
rock almost jet black and it is difficult to distinguish from rocks impregnated 
with organic matter. Jordisite-stained rock is generally “blacker” than the 
carbonaceous rock and commonly has a faint bluish cast from secondary 
ilsemannite. Jordisite-impregnated sandstone commonly forms streaks and 
masses that feather out along cross-strata above, below, or at the lateral ex- 
tremities of black uranium ore bodies. 

Ilsemannite (Mo hydroxide?) forms a dark-blue stain on mine walls and 
is locally disseminated through the rock. It occurs in the drier mines and is 
apparently an alteration product of jordisite. [Ilsemannite is quite soluble 
and cannot develop on wet mine walls. 

Selenium Minerals.—Ferroselite (FeSe.,) was identified but is apparently 
not abundant in the deposits. In the Homestake-Sapin Partners Sec. 15 
mine it is found in a fracture as a thin metallic coating on the surfaces of 
scalenohedral calcite. It resembles extremely fine-grained pyrite but has 
poorly defined crystallinity and is much paler yellow. Ralph Austin (written 
communication, April 1959) of the U. S. Atomic Energy Commission tenta- 
tively identified ferroselite in a selenium-rich heavy mineral separate from 
the Marquez mine. 

Metallic gray native selenium occurs in deposits above the water table 
and in partly oxidized deposits below the water table. It forms hairlike 
crystals that range from a microscopic size to more than 0.5 inch in length 


and occur as delicate velvety masses on fracture surfaces. Shorter crystals are 
generally perpendicular to the surface but the longer ones may be parallel to 
the fracture. 


Almost all visible concentrations of gray native selenium are found where 
fractures intersect an interface between unoxidized and strongly oxidized 
rock. The selenium is most abundant in the fractures on the unoxidized 
side and within 1 or 2 feet of the interface. It appears to be commonest 
near the ground-water table but has been found in deposits far above the 
water table and as much as 100 feet below the water table. 

Red native selenium forms a very thin efflorescent coating on sand grains 
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in deposits that are near or above the water table. In some places it appears 
to be disseminated through the rock, but for the most part it forms on the 
mine walls. The red native selenium is not generally associated with gray 
selenium, but develops in ill-defined areas not readily related to distinctive 
lithology, stratigraphy, uranium ore, or fracturing. Red selenium is com- 
mon near the ferroselite occurrence in the Homestake-Sapin Partners Sec. 
15 mine, suggesting that it may be derived from oxidized ferroselite. 

Accessory and Other Minerals——Pyrite is almost ubiquitous in the un- 
oxidized bleached sandstone and occurs largely as tiny disseminated euhedral 
to subhedral crystals perched on sand grains. It is also common in and 
adjacent to mudstone as crystals and irregular masses. Much of the pyrite 
appears to postdate the carbonaceous matter, but some is earlier and the re- 
lationships are not clear in many places. Pyrite also occurs either separately 
or associated with calcite in fractures. Marcasite has been recognized in 
fractures but is not so common as pyrite. 

Anatase (TiO,), as microscopic brown octahedrons, has been recognized 
perched on sand grains in samples taken near ore in the Bucky No. 1 mine. 
It was recognized in many drill cores from parts of the district during early 
exploration, prompting speculation that it might serve as an ore guide (P. 
F. Kerr, written communication). This possibility has not been thoroughly 
studied. 

Barite is common in most of the deposits that contain postfault ore. 
Much of it occurs as tiny rectangular plates associated with montroseite and 
paramontroseite on fracture surfaces. The plates are ordinarily amber col- 
ored, zoned, and highly radioactive. The radioactivity is caused by radium 


sulfate coprecipitated on or with the barite in zones near the periphery of 
the crystals. This radiobarite caused many fracture fillings to be extremely 
radioactive, which led to early reports that the fractures were filled with 
uranium minerals and were avenues along which primary uranium-bearing 
solutions were transported. 


Another variety of barite forms larger crystals and masses as much as 
several pounds in size in faults, and it forms smaller masses in solution 
cavities in fractured mudstone. It is ordinarily colorless, milky, or amber, 
and is nonradioactive. 

Calcite occurs in several different environments and is of several different 
ages. Most of the calcite occurs as a sandstone cement of two textures. 
Most calcite is in the form of large optically continuous crystals that enclose 
many sand grains. Although these crystals are ordinarily less than 1 inch 
across, some are as large as 4 by 6 inches. This “poikiloblastic” variety of 
calcite appears to be later than the prefault ores. Finer grained calcite 
cement occurs in rounded concretionarylike forms of various sizes—as much 
as several feet across. It may be earlier than the postfault ores, but its re- 
lationship to prefault ores is not known. 

Calcite crystals also occur in fractures in unoxidized sandstone, com- 
monly as scalenohedrons and rarely as modified rhombic forms. At one 
place in the Homestake-Sapin Partners Sec. 15 mine, clear rhombic calcite 
was observed in a fracture in strongly oxidized sandstone. It is assumed 
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that this calcite was deposited after the oxidation, as calcite would likely 
have been destroyed by the sulfuric acid generated from pyrite during 
oxidation. 

Thenardite (Na,SO,) forms white coatings on the mine walls in well- 
ventilated parts of some of the mines below the water table. Individual 
crystals are acicular to fibrous, and the aggregate forms a delicate lacelike 
efflorescence. In some places andersonite is intimately associated with the 
thenardite. 


DISTRIBUTION OF ELEMENTS IN THE ORES 


Element distribution is being determined from analyses of suites of 
samples collected across the geologic features to be tested. Each suite is taken 
at a locality that can be expected to show abrupt changes in composition 
from sample to sample, such as across an ore body, and the total span of 
each suite is selected so as to encompass these changes completely. 

Molybdenum, selenium, vanadium, and iron are the major constituent 
metals, besides uranium, that are present in anomalous quantities in and near 
the deposits. Organic carbon is a major constituent in the black ores and, 
although no sulfur analyses have as yet been made, it is assumed that sulfur 
will correlate with iron. 

Figures 5a, b, and c illustrate the distribution of various elements in 
suites of samples from across uraniferous prefault organic layers in various 
environments. Figure 5a represents a suite of samples from an unoxidized 
ore layer just below the premining ground-water table. There is a positive 
correlation among uranium, iron, and carbon. Selenium is more highly con- 
centrated at the top than in the lower part of the ore layer, but the concentra- 
tion throughout the ore is several times greater than in barren sandstone. 
Vanadium values show too small a variation to indicate a clearcut relationship, 
and molybdenum was not detected in this suite. 

Figure 5b shows a suite of samples from an unoxidized ore layer well 
above the water table. Like Figure 5a, it shows a good correlation of 
uranium with carbon and iron, and, in this suite, with vanadium also. 
Molybdenum and selenium, although present in abnormally high concentra- 
tions relative to unmineralized sandstone, correlate inversely with uranium. 
The ore layer at this sample locality was at the sill of the mine workings, 
therefore, no samples from below the ore layer could be obtained. 

Figure 5c shows a suite of samples from a prefault ore layer that is 
enclosed by oxidized sandstone well below the water table. There is a 
good positive correlation between uranium and carbon, but the range in 
values obtained for iron is believed to be too small to be significant. Vana- 
dium is apparently concentrated at the base of the ore layer, but here again 
the range in values is probably too small for significance. Molybdenum is 
concentrated at the base of the ore layer, and selenium is highly concentrated 
in the bleached margins immediately above and below the ore. Selenium 
is also abnormally high throughout the ore. 

Figure 6 illustrates the distribution of selected elements across a fracture 
that cuts a postfault ore body. The fracture contains paramontroseite and 
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near the fracture and is presumed to be in barite. The variation in the 
values for iron is probably too small to be significant. Selenium is apparently 
less abundant adjacent to the fracture than away from it, but not enough 
samples were taken to substantiate this trend. Molybdenum was not de- 
tected in these samples.* 
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Fic. 6. Element distribution across a fracture in a postfault ore body. 


Very likely these relationships have more meaning than can be surmised 
from the limited data now available, but some speculations may be warranted 
even now. The following interpretations are based on nearly 100 samples 
in addition to the examples shown. 

As a rule the vanadium content appears to be less in prefault ores below 
the water table than in the same types of ore above the water table. Further- 
more, postfault ores appear to contain more vanadium and to have a lower 
U:V ratio than the other types of ore. This may indicate that much of 
the vanadium was introduced into the deposits later than the uranium. It is 
not unlikely that a part of the vanadium content of the normal host rock 
was mobilized under oxidizing conditions and, by supergene processes, re- 


* Since this paper was written it has been found that molybdenum is either extremely rare 
or does not occur in anomalous amounts in the post fault ores. 
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precipitated in the reducing environment of the ore deposits. Mill pulp 
analyses (oral communication Fred Hohne, chief geologist, Kermac Nuclear 
Fuels, Inc.) at the Kermac mill suggest that ores from the Poison Canyon 
sandstone tongue normally contain more vanadium than ores from the West- 
water Canyon member. This relationship has not yet been fully evaluated. 

Although both molybdenum and selenium appear to be concentrated near 
the deposits, only rarely do they correlate with the uranium content of in- 
dividual samples and generally they do not correlate with each other. 
Whereas molybdenum may be concentrated in or adjacent to unoxidized 
deposits well. below the water table, selenium is apparently more commonly 
highly concentrated in deposits either above the water table or in partially 
oxidized deposits below the water table. 

Selenium is most highly concentrated at the interface between strongly 
oxidized and unoxidized sandstone. It is also commonly concentrated im- 
mediately above essentially unoxidized ore layers as well as above and 
below partly oxidized uranium ore bodies. The evidence suggests that native 
selenium is readily “pushed ahead” of an advancing front of obvious oxida- 
tion and is continually reprecipitated under mildly reducing conditions. The 
highest concentrations of selenium may, therefore, largely be the result of 
supergene processes. 

The correlation between iron and uranium is fairly typical of all uranium 
deposits, no matter what the source or environment. Both are precipitated 
under reducing conditions if the environment contains sulfur. Very likely 
the organic matter that impregnates the sandstone in the prefault ore bodies 
contained adequate sulfur to fix a considerable amount of iron as pyrite. 

Barite may be late and was probably fixed largely in fractures by sulfate 
derived from the oxidation of pyrite. The fact that the outer zone of many 
barite crystals is radium-rich is testimony to the recent origin of radiobarite, 
as noted under the heading “Radioactivity.” 

These preliminary studies strongly suggest that the distribution of ele- 
ments, and knowledge of their behavior in different environments can provide 
a better understanding of the paragenesis of the deposits. The results, to 
date, suggest a complex history. 


RADIOACTIVITY AND RADIOCHEMISTRY 


Geologically recent movement of some radioisotopes is indicated by dis- 
equilibrium between uranium content and equivalent uranium content * of 
both prefault and postfault samples from various mines in the district. Equi- 
librium relationships of 290 samples are illustrated in Figure 7. As the 
thorium content is negligible, the figure shows the variation of daughter 
products and uranium. The daughter products are in excess relative to 
uranium in the low-grade samples and are deficient in the high-grade ones. 
Soth the degree and time of geologically recent redistribution of uranium 

8 The equivalent uranium (eU) content of a sample is defined as the uranium (in percent) 


that would produce the measured beta-gamma radioactivity if the uranium were in equi 
librium with its daughter products 
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and its daughter products can be approximately determined by comparison 
of the relative excesses or deficiencies of certain key radioisotopes. 

The relative abundances of three radioisotopes (ePa**', eTh**°, eRa***) 
in five suites of samples collected across prefault black ore layers in three dif- 
ferent mines were determined by radiochemical analyses by J. N. Rosholt.* 
Figures 8a and b are graphical representation of two of these suites (element 
distribution in these suites is shown in Figs. 5a and 5c). A comparison 
of the concentration of eTh***, eRa***, and uranium with the theoretical con- 


Uranium,in percent 
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Fic. 7. Radioactive equilibrium (U/eU) relationships in 290 samples. 


centrations that would be obtained if they were in equilibrium with ePa**' 
indicates the extent of recent migration of these isotopes. Protactinium 
(Pa**") is probably the isotope least likely to migrate from its site of origin 
under natural conditions, and for this reason it is used as the best obtainable 
index with which to relate excesses or deficiencies of the other isotopes. 
Hydrolysis or reaction of protactinium with ions in the ground water and, 
perhaps, ion exchange with organic substances tend to form precipitates or 


4 Although the interpretations of these data do not completely agree with those of Rosholt, 
they are based, in large part, on oral and written communications with him. 
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colloids of protactinium which limit its movement (3). Equivalent per- 
centages of the selected daughter products (ePa**', eTh**®, eRa***), as for 
equivalent uranium, represent the percentage of uranium in equilibrium that 
would support the measured amount of the daughter product, and should 
not be confused with the actual amount of daughter product present. 

The method of sampling in suites that more than span the thickness of the 
ore bodies permits comparison of the isotope concentrations (1) within the 
ore body, (2) immediately outside the ore body, and (3) throughout the 


Fic. 8. Radioisotope equilibrium relative to ePa*** in two sample suites 
from black ore layers. a.—Unoxidized prefault black ore layer below the ground- 
water Sample suite 19G59. b.—Prefault black ore layer enclosed by oxidized sand- 
stone below ground-water table. Sample suite 9G59. 


integrated span of the sample suite. Within the ore bodies, uranium, ionium 
(eTh***), and radium (Ra***) are typically deficient (Fig. 8a and b). In 
the rock adjacent to ore, the equilibrium relationships are generally more er- 
ratic, but characteristically the uranium and ionium are quite deficient and 


radium is in large excess. Radium may also be deficient farther than about 
3 feet from ore. Integrated across an entire suite of samples, the data sug- 
gest that both uranium and ionium are deficient. Radium is nearly in equi- 
librium in most of the integrated suites but is deficient in the two sample 
suites that were farthest above the water table (not shown here). 
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From these results it appears that some of the radium has migrated a 
short distance away from ore, but rarely has a significant amount escaped 
from the immediate vicinity. Some uranium and ionium, on the other hand, 
have migrated completely out of the sampled areas to unknown destinations. 
Some radium has undoubtedly reprecipitated as radiobarite in or near adjacent 
postfault ore bodies which may be formed in part from the escaped uranium. 

The presently measurable loss of uranium could not have occurred more 
than about 300,000 years ago because this is the time required for pro- 
tactinium to attain approximate equilibrium with uranium. The latest period 
of radium redistribution must have occurred less than 11,000 years ago—the 
time required for it to attain approximate equilibrium with ionium (Th?**). 
Approximate ages of some of the radiobarites are shown in Table 2. These 


rABLE 2 


RADIOCHEMICAL ANALYSES AND ESTIMATED AGES OF THREE RADIOBARITE SAMPLES 
FROM THE HOMESTAKE-SAPIN PARTNERS SEc. 15 MINE 


Percent eAct ePb20 
Sample 


No eRa®é eRa®™* 


eTh2e » m2 eRa%é | ePb™ age (years)) age (years) 


4G59 0.03 41.3 " | 39. 120 | 90 
16G59 0.03 6.28 . 80 | >200 
23G59 : 0.04 68.4 120 | 80 


Analyses and age estimates by J. N. Rosholt 
See Rosholt, (22), for further information 


ages are limited to about 200 years, at which time Pb?" would attain equi- 
librium with Ra***, Since only the outer zone of the barite is radioactive, 
there is the possibility that if any radium were deposited with the earlier 
zones it may have completely decayed, leaving no key to the ages of earlier 
depositions. 

An intensive study by J. N. Rosholt of the isotope compositions of the 
samples now collected will probably permit close dating of the redistribution 
of uranium and its daughter products. Although the calculations have not 
yet been completed, the generalizations made above show rather conclusively 
that geologically recent geochemical processes have affected the ores. 


AGE DETERMINATIONS 


Age determinations by the uranium and lead isotope ratios method are 
usually performed on individual uranium minerals; lead isotope ratios from an 
associated lead mineral are used to correct for any common lead that might be 
present in the uranium minerals. At Ambrosia Lake, however, there is an 
apparent lack of any lead mineral on which to base a common lead correc- 
tion. An additional complication is pointed out by the radiochemical data 
which amply prove most of the ores were strongly affected by relatively 
recent processes that may have caused considerable selective redistribution 
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of lead and uranium. In spite of these drawbacks, lead and uranium isotope 
analyses are planned of coffinite from both prefault and postfault ores, and 
uraninite from fractures. 


( 
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ABSTRACT 


Detailed studies of sphalerite, as a part of a larger study of the Central 
City district, Colorado, have been undertaken to learn something of the 
physico-chemical environment of ore deposition. More than 90 samples 
have been analyzed by chemical and spectrochemical methods and these 
data are interpreted in the light of experimental information. 

Sphalerite is a widespread and moderately abundant constituent of the 
gold- and silver-rich veins of the district. It was deposited during one 
stage of mineralization, in all environments of the concentrically zoned 
district except in the core. On a district-wide basis it occurs in three 
mineral assemblages: sphalerite-pyrite-chalcopyrite-tennantite-galena, 
sphalerite-pyrite-tennantite-galena, and sphalerite-pyrite-enargite-tennan- 
tite-galena. Quartz and, locally, other gangues are present. 

The sphalerite samples contain from 12 to 0.05 weight percent iron 
and detectable amounts of a restricted suite of minor elements, principally 
manganese, cadmium, copper, and lead. Manganese correlates directly 
with iron content, but the other minor elements have random correlations. 

The iron content of Central City sphalerite is interpreted to be mainly 
a function of activity of sulfur and temperature. Total pressure and 
minor elements that may enter the structure of either sphalerite or co- 
existing pyrite are thought to have negligible effects on the amount of 
iron in the sphalerite. 

The iron content of the sphalerite and fluid inclusion studies indicate 
that mineralization occurred over a temperature range from at least 
620° C to about 150° C. In general, the temperatures tended to decrease 
from the vicinity of the central zone outward toward the peripheral zone. 


1 Publication authorized by the Director, U. S. Geological Survey 
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The thermal pattern, however, was complex, and marked by local irreg- 
ularities. 

The activity of sulfur decreased with temperature, but to an extent 
such that more sulfur-rich mineral assemblages could form toward the 
margins of the district. 

The minor-element content of the sphalerite is governed by the activi- 
ties of the various components and by the ability of the host mineral to 
accomodate it. Manganese varies widely because (1) it is geochemically 
much more abundant than is zinc and (2) it can also enter other minerals 
on a large scale. Conversely, because the amount of cadmium is small 
relative to that of zinc and because it enters only sphalerite in quantita- 
tively significant amounts in hydrothermal environments, the cadmium 
content of sphalerite is constant. The copper content of the sphalerites 
is low and in good agreement with recent experimental data of Priestley 
Toulmin 3d. 


INTRODUCTION 


A DETAILED study of sphalerite from the Central City district, Colorado, has 
been undertaken because the mineral in this district varies widely in chem- 
ical composition, and these variations conform generally to the pattern of 
hypogene mineral zoning and therefore should reflect changes in conditions 
of ore deposition. In this paper we shall discuss general relations and 
principles governing variations in the iron content and minor-element content 
of sphalerite, using data from Central City as examples. In a subsequent 
paper, now in preparation, we shall discuss some of the broader aspects of 
the genesis of the zoning. So far as is known, no extensive quantitative 
studies have been reported previously on a district with a well-defined min- 
eral zoning, although Rose (21, 22) has presented abstracts on the Central 
district, New Mexico, and the Bingham district, Utah. 

This study is one phase of current investigations in the Central City and 
adjacent districts by the U. S. Geological Survey. The field work on which 
this report is based was the responsibility of Sims and was done mainly 
from 1952 to 1955, largely on behalf of the Division of Raw Materials of the 
U. S. Atomic Energy Commission. The laboratory studies were done inter- 
mittently since 1953, at first by Sims and later by both of us. In this report 
3arton is mainly responsible for the discussion of the data in terms of 
physical chemistry. Sphalerite analyses were made by P. R. Barnett, N. M. 
Conklin, W. D. Goss, J. C. Hamilton, E. C. Mallory, Martha Toulmin, and 
Paul Barton; Martha Toulmin also measured the filling temperatures of the 
fluid inclusions. A discussion of the methods of analysis is given by Barnett 
in a section at the end of this report. 

We wish to thank A. A. Drake, Jr., E. W. Tooker, D. J. Gable, and 
other members of the Geological Survey for assistance in the field and labora- 
tory investigations, and Priestley Toulmin 3d of the Survey for discussions 
on various aspects of the Cu-Fe-Zn-S system. The manuscript has benefited 
from the constructive criticism of H. R. Shaw and W. R. Jones. 


This study supplements a comprehensive report on the economic geology 
of the Central City district (26) that contains maps of the veins and mine 
workings and describes the ore deposits. Other reports that discuss addi- 
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tional specific aspects of the ore deposits include those by Sims (25); Sims, 
Osterwald, and Tooker (27); Drake (9), and Tooker (31). 


RESUME OF GEOLOGY 


The Central City district is in the Front Range segment of the Colorado 
mineral belt (Fig. 1), in a terrane of Precambrian quartzofeldspathic gneisses 
and intrusive granitic rocks. The district is located at an intrusive center 
of hypabyssal igneous rocks. The ore deposits and the associated hypa- 
byssal igneous rocks are early Tertiary (Laramide) in age. 
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Fic. 1. Map of Colorado showing location of the Central City district. 


The ore deposits at Central City are lead-, zinc-, copper-, and uranium- 
bearing veins, chiefly valuable for their gold and silver content, that are 
typical of those classified by Lindgren (16) as mesothermal. They are 
largely unoxidized. Pyrite, sphalerite, galena, chalcopyrite, tennantite, and 
enargite are the principal primary metallic minerals; pitchblende and gold 
tellurides are local ore minerals. Quartz and cryptocrystalline silica are the 
dominant gangue minerals; rhombohedral carbonates, especially siderite and 
ankerite, and fluorite and barite are associated with quartz in some veins 
Except for the rare tellurides, the gold commonly occurs in the structure of 
sulfide or sulfosalt minerals, especially in chalcopyrite and tennantite, or as 
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“flour” gold in both ore and gangue minerals. Most of the silver is in the 
same copper minerals, but some is in argentiferous galena. 

The ore minerals were deposited mainly as fillings of open spaces along 
discontinuous faults of several trends, all preore in age. They were con- 
centrated locally in the veins, in ore shoots generally with well-defined mar- 
gins that constitute relatively small proportions of any given vein. The shoots 
range in width from about a foot to as much as 10 feet, and contain from 
a few tens of tons of ore to as much as several thousand tons. The ore 
shoots appear to have been localized primarily by structural controls, for 
they commonly occur at vein intersections and junctions and at other sites 
that can be related to differential fracturing due to difference in the physical 
character and structure of the wall rock. A chemical control of ore deposi- 
tion can be discounted, for the wall rocks are relatively uniform in chemical 
composition and were largely altered prior to deposition of the ore minerals. 

The ores have a well-defined zonal arrangement (Fig. 2) that is mani- 
fested by gradual lateral changes in mineralogy, metal content and metal 
ratios, and textures of ore and gangue minerals. A description of the 
zoning and a discussion of the basis for demarcation of the zones have been 
given previously (26), but certain salient features that bear on the inter- 
pretation of sphalerite in the ores are included here. The pyrite-quartz 
veins that constitute the central zone are nearly barren except near the margin 
where they contain appreciable amounts of gold and a few percent of copper 
minerals, mainly chalcopyrite and tennantite. Sphalerite and galena are 
sparse. The veins in the intermediate zone are pyrite-quartz veins that con- 
tain several percent of sphalerite and galena, substantial gold and silver, and 
generally lesser amounts of copper minerals than the veins in the outer part 
of the central zone. In these veins, as well as in those of the central zone, 
the base metal sulfides and the gold and silver are mainly confined to shoots 
separated by nearly barren pyrite-quartz vein material. The veins in the 
peripheral zone dominantly contain sphalerite, galena, and silver, but also 
have sparse chalcopyrite, tennantite, and pyrite. Rhombohedral carbonates 
and, at places, barite and fluorite are present with quartz as gangue minerals 
in some veins of the peripheral zone. 

The sheath of altered rock along the veins has been subdivided (31) into 
two principal mineralogic zones: an inner quartz-sericite-pyrite zone and 
an outer argillic (montmorillonite, mixed-layer clay, illite, and kaolinite) 
zone. The inner zone ranges in thickness from an inch or less to about 2 
feet; the outer zone is of comparable but generally slightly greater thickness. 
The degree of alteration accords in general with the zoning of vein mineralogy. 
Widths of alteration envelopes commonly are greater in the central and 
intermediate zones than in the peripheral zone. 

The succession of zones that constitute the district-wide mineral zoning 
accords in general with the sequence of deposition of the ores. Sulfide 


mineralization began with the formation of pyrite-quartz veins (pyrite stage) 


in the area now comprising the central and intermediate zones and, after a 
period of district-wide, probably synchronous refracturing of the original 
veins, concluded with the deposition of sphalerite, copper minerals, galena, py- 
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rite, gold, and silver (base-metal stage). The sphalerite and associated min- 
erals of the base-metal stage mineralization were deposited in an area that 
overlapped the area of original pyrite-quartz veins and extended farther 
outward. Reopened parts of the original pyrite-quartz veins in the outer 
part of the central zone and in the intermediate zone were filled with sulfides 
of this stage to form composite veins; the fissures on the periphery of the 
district were filled for the first time with sphalerite, galena, and sparse copper 
sulfides, together with gangues. 

Prior to sulfide mineralization, and perhaps even before most of the 
wall-rock alteration, uraninite was deposited locally in the fissures (25, p. 
745). After sulfide mineralization, gold tellurides, free gold, pyrite, and 
quartz were deposited along and in fractures adjacent to a prominent north- 
northeast-trending fault in the eastern part of the district (26). The field 
relations indicate that both the uraninite and the gold telluride ores probably 
were deposited from different sources than the main sulfide ores, and as 
might be expected, do not take part in the district-wide sulfide mineral zoning. 


PARAGENESIS OF SPHALERITE 


Sphalerite is a common ore mineral in the district. It forms massive 
clots, lenses, or stringers along the veins and, rarely, forms terminated 
crystals in vugs. Generally the crystals are anhedral and coarse to medium 
grained. 

The mineral differs markedly in color, ranging from dark reddish brown 
or very dusky red in specimens from mines in the inner parts of the district 
to light gray, pale yellowish brown, or intermediate pale shades of these colors 
in specimens from the outer parts. In hand specimen the sphalerite from 
any given mine generally appears uniform in color, but polished “thick” sec- 
tions (0.03 to 3 mm thick) viewed in transmitted light reveal that many 
crystals have a growth zoning * manifested by color bands. The color bands 
correspond to maximum differences in iron content of as much as 14 mole 
percent from one growth zone to the next (Table 4). Transition from one 
growth zone to another may be sharp (no gradation noted at magnifications 
of 125 times) or it may be gradational. Most growth zones are concentric; 
rarely, the boundaries between growth zones are unconformities caused by 
partial resolution of an earlier zone (or zones) prior to deposition of later 
sphalerite. On a district-wide scale the sphalerites with most pronounced 
growth zones generally are found in the peripheral zone and in the outer 
part of the intermediate zone, whereas those with least growth zones are 
found in the inner part of the intermediate zone and in the barren zone (as 
defined on Fig. 2). Indeed, the sphalerites with growth zones that differ 
markedly in iron content appear to represent alternating deposition between 
a marginal and a central “facies.” The strong alternating crystal growth 
zonation is excellent evidence that both the dark, iron-rich sphalerite of the 
inner part of the district and the light iron-poor sphalerite from the periphery 
were actually deposited during the same episode of mineralization. 


2 The term growth zoning will be used to designate zoned crystals, whereas the term soning 
applies to the distribution of minerals in the district as a whole. 
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The sphalerite generally contains tiny blebs or blades of chalcopyrite that 
are in part alined along crystallographic planes and in part apparently ran- 
domly distributed. This gives a mottled texture that commonly is inter- 
preted to result from exsolution of chalcopyrite on cooling (10, p. 99-100). 
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Fic. 3. Generalized sequence of deposition of principal vein-forming minerals, 
Central City district. A. Pyrite-sphalerite-chalcopyrite-tennantite-galena assem- 
blage. B. Pyrite-sphalerite-tennantite-enargite-galena assemblage. 


The blebs generally are unevenly distributed through the grains. As 


a 
generalization, blebs are 


larger and more abundant in the dark red-brown 
or dusky-red varieties than in the lighter varieties. Blebs of probable ex- 
solution origin have not been observed in the pale varieties of sphalerite. 


One specimen of sphalerite from the Monmouth-Kansas mine (30, Fig. 
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2) contains tiny blebs and blades of pyrrhotite. The blebs are generally 
irregularly dispersed, but a few are alined, probably along crystallographic 
planes in the sphalerite. Some of the blebs are closely associated with 
chalcopyrite, and like the chalcopyrite probably are of exsolution origin. 
The sphalerite was deposited during a single episode of base-metal stage 
mineralization, as shown diagrammatically in Figure 3. In most parts of 
the district in which it formed, sphalerite was deposited with pyrite, chalco- 
pyrite, tennantite, and galena, as shown in Figure 3, A. In accordance 
with the hypogene mineral zoning the absolute quantities of the minerals 
associated with it differed in the intermediate and in the peripheral zones. 
Thus, pyrite was formed in much greater abundance in the intermediate 
zone than in the peripheral zone ; in the same way, chalcopyrite was deposited 
in lesser amounts in the peripheral zone than in the intermediate zone, and 
it gave way to tennantite in the outer part of the peripheral zone. Regardless 
of geographic position in the district and absolute quantities, however, the 
sequence of deposition was remarkably consistent in each vein. Crystalliza- 
tion during the base-metal stage—as indicated by the veining of one mineral 
by another or by the crustification of one mineral on another in vugs— 
generally progressed in the order of pyrite, sphalerite, chalcopyrite, tennan- 
tite, and galena. A late generation of chalcopyrite, tennantite, and pyrite 
formed in a few veins (Fig. 3, A). In an area of about a square mile, shown 
by the outline on Figure 2, enargite and tennantite were deposited with 
sphalerite (Fig. 3, B). The veins that contain enargite commonly lack 
chalcopyrite, except for small quantities that apparently crystallized late in 
the paragenetic sequence. Otherwise, the order of crystallization of the 


minerals in these veins was similar to that in the veins from areas represented 
in Figure 3A, and we conclude that the minerals represented in both dia- 
grams were deposited during the same epoch of mineralization. 


On a district-wide basis sphalerite occurs in three main mineral assem- 
blages:* sphalerite-pyrite-chalcopyrite-tennantite-galena, sphalerite-pyrite- 
tennantite-galena, and _ sphalerite-pyrite-enargite-tennantite-galena. Quartz 
and, locally, other gangues are also component parts of each mineral assem- 
blage. The assemblage sphalerite-pyrite-chalcopyrite-tennantite-galena is 
dominant and most widespread in the district, and it characterizes most of 
the veins in the intermediate and peripheral zones. The quantities and pro- 
portions of chalcopyrite and tennantite differ considerably from vein to vein, 
but chalcopyrite generally is most common. Pyrite, mainly of the early 
pyrite stage mineralization, is abundant except in the peripheral zone. The 
assemblage sphalerite-pyrite-tennantite-galena typically represents veins in 
the outer part of the peripheral zone. In these veins pyrite is sparse. The 
assemblage sphalerite-pyrite-enargite-tennantite-galena is confined, so far 
as known, to the small area of enargite-bearing veins indicated on Figure 2. 


It is characterized by moderately abundant pyrite, and represents a local ar- 


3In this paper we are using the terms mineral assemblage and mineral association as 
used by Bartholomé (1) Mineral assemblage refers to those minerals that are in contact 
(state of equilibrium not specified) without an intermediate phase. Equilibrium assemblage 
refers to those minerals that occur in equilibrium. Mineral association refers to occurrences 
together in a broad sense. 
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senic- and sulfur-rich phase of mineralization, which as indicated earlier, 
probably formed contemporaneously with the dominant base-metal sulfide 
phases. 


PROBLEM OF EQUILIBRIUM 


An important question to be answered is the problem of equilibrium; 
that is, to what extent were the minerals in the above-described assemblages 
in equilibrium with each other? There is ample evidence that sulfides can 
be redissolved by hydrothermal solutions, even in deposits formed at lower 
temperatures than those that prevailed in the Central City district. Under- 
saturation of the fluid with respect to a mineral results in leaching and over- 
saturation results in further precipitation. When precipitation takes place 
by the growth of well-crystallized minerals, the degree of supersaturation is 
thought to be vanishingly small. Thus, the lack of appreciable leaching of 
a mineral suggests that the mineral is approximately in equilibrium with 
any later hydrothermal solutions that came in contact with it. And, if these 
solutions are depositing another mineral, then the exposed surfaces of the two 
minerals are approximately in equilibrium. For example, in the case of 
sphalerite being deposited in a vein which has an earlier generation of pyrite 
exposed to the solutions, the sphalerite may be considered to be in equilibrium 
with the surface of the pyrite and thus the requirements for the application 
of the Fe-Zn-S system for geothermometry are met. However, the chem- 
istry of the depositing solutions may change with time, and the composition 
of the sphalerite may vary from one growth zone to the next, yet all the 


while the sphalerite maintains its equilibrium—via the solution—with pyrite. 
In this situation all the sphalerite was deposited in equilibrium with a pyrite 
surface, but only the surface of the pyrite was in equilibrium with the sphaler- 


ite. We shall refer to this case as sphalerite being in “surface equilibrium” 
with pyrite. 

The solid-state reactions, at least between pyrite and sphalerite, are very 
sluggish, and thus the initial compositional banding of sphalerite is preserved 
in minute detail. Little exchange of material occurs between separate 
growth zones in the crystals. Only the surficial zone of the early pyrite is 
in equilibrium with sphalerite and, because of slight leaching or deposition, 
the particular pyrite surface that was in equilibrium with a given sphalerite 
zone may well be a different surface from that in equilibrium with some other 
sphalerite zone. The interior of the presphalerite pyrite is not in equilibrium 
(surface or otherwise) with sphalerite. 

Surface equilibria are useful for thermodynamic applications only when 
the phase whose composition is critical is the phase that is in surface equi- 
librium with the other. In the example above, the iron content of the sphal- 
erite may be rigorously interpreted for purposes of geothermometry in the 
light of the system Fe-Zn-S because sphalerite is in surface equilibrium with 
pyrite. Thus, insofar as the Central City sphalerite is concerned, the as- 
semblage pyrite-sphalerite is an equilibrium assemblage as defined previously. 
Where the composition of both minerals is critical, such as in a study of 
the distribution of manganese between pyrite and sphalerite, complete equi- 
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librium is required ; surface equilibria will not give meaningful results. Ore 
textures noted above suggest that most of the equilibrium sulfides at Central 
City are of the surface variety. 


SAMPLE COLLECTION AND PREPARATION 


Sphalerite samples that were studied and analyzed were collected from 
widely scattered localities representing different geologic environments in 
the district. Because sphalerite is a rare component of the ores in the 
central zone, all but one sample was collected from the intermediate, peripheral, 
and barren zones, as shown by Figure 2. About one-third of the samples 
were collected from underground mine faces. The remainder of the samples 
were taken from dumps of mines that were inaccessible at the time. The 
exact locations within the mines from which these ores were extracted, of 
course, are not known. 

Studies were not made of individual ore shoots to learn the local com- 
positional variations of sphalerite vertically and horizontally. Although 
highly desirable, such studies would be impractical in the Central City district 
because limited accessibility of mines together with the growth zoning dis- 
cussed previously precludes detailed studies required for a meaningful inter- 
pretation of lateral and vertical changes of the sphalerite within a single ore 
shoot or mine. 

In the laboratory, the sphalerites were hand picked under a binocular 
microscope. An attempt was made to remove all contaminants from the 
samples, especially those containing iron. Fine-grained, intimately asso- 


ciated chalcopyrite was not selectively removed from the sphalerite, for as 
discussed elsewhere in this paper, it is presumed to be an integral part of the 
mineral, owing its presence to exsolution. Galena, which is finely intergrown 
with sphalerite in many ore samples, also was not completely removed from 
all samples but, since lead was determined, it was not necessary to reject 
these samples. 


During the early stages of the investigation polished surfaces were 
made of ore specimens from nearly every mine from which sphalerite was 
to be analyzed, and these were studied under the reflecting microscope to 
determine the paragenesis of the ore minerals, to provide textural data to 
guide the separation procedures, and to aid in interpretation of the analyses. 
Later in the study, polished “thick” sections were prepared (as described 
earlier in the text), and these disclosed that many sphalerite crystals were 
more strongly zoned than previously recognized by conventional polished 
section studies. 

As many sphalerite samples had been analyzed before we recognized the 
presence of strong growth zoning in some crystals, the powders of most 
analyzed samples containing iron-rich sphalerites were X-rayed to determine 
the degree of growth zoning. It is possible to distinguish strongly zoned 
sphalerites from nearly homogeneous sphalerites by an X-ray diffraction 
method, as can be seen by reference to Figure 4. This method is based on 
the fact that Ka, and Ke, X-ray diffraction peaks at about 114° 26 broaden 
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appreciably and may split into separate peaks if the sample contains mixtures 
of two or more sphalerite phases that have unit cell edges differing by more 
than about 0.004 angstroms. The 0.004 angstroms corresponds to com- 
positional differences of about 8 mole percent FeS. It also corresponds to 








e 3 direct 


Fic. 4. Diffractometer tracings of the (531) line of mechanical mixtures of two 
compositions of synthetic sphalerite. 
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compositional differences of about 2 mole percent FeS or about one mole 
percent CdS, but neither Mn or Cd vary sufficiently (Tables 1 and 2) to 
account for the smeared peaks, and variations in iron must be responsible 
for the smearing. In Tables 1, 2, and 3, we indicate those samples that 
contain growth zones differing in composition by more than 8 mole percent 
FeS by the symbol (s), and those containing weakly zoned crystals by the 
symbol (m). 

All the sphalerites examined in polished thick sections contained fluid 
inclusions, but only a few of these gave material satisfactory for heating- 
stage studies. Filling temperature measurements on the heating stages 
were made on fluid inclusions in some of the lighter sphalerites. Those 
sphalerites having more than a few percent iron had to be ground so thin 
to attain transparency that only the inclusions too small for heating-stage 
work were preserved. The degree of filling of some of these was calculated 
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from camera lucida sketches, but the results are certainly not very precise. 
All the temperatures are included in Table 3; the values reported include 
a pressure correction for 250 bars. 


RESULTS OF ANALYSIS OF SPHALERITE 


Sphalerite samples analyzed during this study contain from 12 to 0.05 
weight percent iron and detectable amounts of several minor elements. 
It is well established that the iron substitutes for zinc in the sphalerite struc- 
ture and forms sphalerite mix crystals. A maximum of about 39 mole 
percent FeS can be tolerated in the structure (15, p. 316) at 894° C; at 
lower temperatures the amount decreases as shown in Figure 5. The mode 
of occurrence of the minor elements will be discussed in a subsequent section. 

The analyses of the sphalerite samples are given in Tables 1 and 2. 
The location from which the samples were taken are shown on Figure 2. 
Samples of sphalerites known to be zoned are indicated by special symbols. 
Table 1 presents partial chemical analyses and semiquantitative spectrographic 
analyses of portions from the same samples. Because much smaller quanti- 
ties of sample material are needed for the spectrographic method than for 
wet chemical methods, it was usually possible to select a cleaner portion for 
spectrographic analysis. 


This is indicated by generally lower quantities of 
lead, the principal contaminant, as reported in the spectrographic analyses. 


TABLE 1 
SEMIQUANTITATIVE SPECTROGRAPHIC ANALYSES AND CHEMICAL ANALYSES OF 
SPHALERITE, CENTRAL CITY DISTRICT 


(Amalyses by U. S. Geological Survey. Chemical analyses by E. C. Mallory--copper amd iron analyzed by colorimetric method ; 
lead determined by standard volumetric method for ores. Spectrographic analyses by P. R. Barnett and BN. M. Conklin. 
Oslooked for but not detected. Tr.*near threshold amount of element. Location of samples shown on Figure 2. FeS in 

molecular percent; all other elements in veight percent) 
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2/ Contains 0.007 percent Mo. 
3/ Split of same sample analyzed by quantitative spectrographic method (Table 2). 
4/ Probably contains small amount of tennantite. 
Standard sensitivities for elements looked for but mot detected: 1.0, Hg; 0.1, P; 0.08, Te; 0.05, As, Dy, Hf, Pr, Ta, Th, 


U; 0.01, Li, Sb, Sm, Tl, W; 0.0005, B, Er, Gd, Ir, Os, Re, Rh, Ru; 0.003, Pt; 0.001, Mb, Se, V, Zr; 0.0005, Ge, Mi, Pa; 
0.0001, 


Elements present in one or more samples but not given above: Si, Ti, Al, Mg, Ca, Na, K, Au, Ce, la, M4, Sr, Sn, Y, Yb. 
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TABLE 2 
QUANTITATIVE SPECTROCHIBCCAL ANALYSES OF SPHALERITE, CENTRAL CITY DISTRICT 
P. R. Barnett, B. GC. evens, and J. C. Eemiltes, U. 5. Geclegienl Survey. ~ = act determined. 


om Figure 2. FeO in aclecular percent; all other elements in weight percent) 
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L/ Analyses of Fe reported to nearest tenth of « percent vhen amount exceeds 1 percent. 
2/ = * sample contains moderately coned sphalerite; s + sample contains strongly toned ephalerite. 
J/ Determined fron powier; color determined from rock-color chart (12). 


4/ Probably contaminated by chalcopyrite. 





y vy 3 all other samples contain less than threshold amounts of As and 5b. 


6/ Comtain omall qustity of sercury. 


Table 2 presents the results of quantitative spectrographic analyses for iron 
and the principal minor elements. Three samples (H-1, GS-1, and 9-11) 
contain more than 1 percent galena as a contaminant, but they are included 
because galena does not contain the same suite of detectable minor elements 
as sphalerite (26). Antimony and arsenic also were determined spectro- 
chemically on most samples to provide a measure of contamination by ten- 


nantite. Most of those samples found to contain antimony and arsenic 


were rejected and not included in Tables 1 and 2. 


INTERPRETATION OF VARIATIONS IN THE IRON-CONTENT OF SPHALERITE 


The iron content of sphalerite in equilibrium with pyrite is, in order of 
increasing importance, a function of: (1) other elements which may enter 
the structure of either the sphalerite or pyrite, (2) total pressure, (3) tem- 
perature, and (4) activity of sulfur.‘ 

4 We have chosen the ideal diatomic gas, S 


, at one atmosphere as the reference state for 
sulfur 


Thus the activity of S, is numerically equal to the partial pressure (in atmospheres) 
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Minor elements are sparse in Central City sphalerite, and therefore should 
have negligible influence on the iron content. A few experiments by Kul- 
lerud (14), as well as recent work by B. J. Skinner, a part of which has been 
published (28), show that the low amounts of cadmium and manganese in 
solid solution in the Central City sphalerites would have little effect on 
the solubility of FeS in ZnS. Likewise, preliminary results of Toulmin (32) 
on the system Cu-Fe-Zn-S at 666° C indicate that the amount of iron in 
sphalerite in equilibrium with chalcopyrite, pyrite, and pyrrhotite is virtually 
the same as that in the copper-free system. The elements most likely to 
substitute for the iron in the pyrite, namely cobalt, nickel, and selenium, are 
not abundant at Central City. Other minor elements in the sphalerite and 
pyrite are present only in low concentrations. 

The effects of total pressure, temperature, and activity of sulfur are 
closely interrelated and difficult to evaluate separately. A forthcoming 
paper on the system Fe-Zn-S by Barton, Gunnar Kullerud, and Priestley 
Toulmin 3d will consider these in more detail than is done here. Calcula- 
tions show that total pressure has comparatively little effect on the iron content 
of sphalerite in equilibrium with pyrite for a given temperature and activity 
of sulfur, thus the changes in the iron content of sphalerite at Central City 
cannot be attributed to differences in total pressure during mineralization. 

Temperature has a strong effect on iron content, but the activity of sulfur 
can be even more significant for sphalerite-pyrite assemblages. The reason 
is evident from consideration of the reaction: 

FeS (in solid solution in sphaleritey + $Sog) = FeS, 


(pyrite) 


for which the equilibrium constant has the form: K = *FeS, /*FeS,.))* V*S.. 
The *FeS, (pyrite) is unity, taking the pure crystalline phase as the refer- 
ence state. The *FeS,,,, can be estimated as follows: the *FeS,,,) is zero 
when there is no iron in the sphalerite and is unity when the sphalerite is 
saturated with FeS, that is, when it is in equilibrium with FeS (troilite). 
The *FeS,.p), *S,, and therefore K, can be estimated using the equilibrium 
data plotted in Figures 5 and 6 (14; 3, with revisions necessitated by the 
revised (Fe, Zn)S spacing curve of Skinner, Barton, and Kullerud, (30), 
and thermodynamic data from Richardson and Jeffes (20), using the assump- 
tion that *FeS,,)) is a simple linear function of the degree of saturation of 
sphalerite by FeS°). The result is that at constant temperature within the 
pyrite-sphalerite stability field, an increase in the *S, by two orders of 
magnitude decreases the mole percent FeS in sphalerite by one order of 
magnitude. Because the range in composition of FeS-saturated sphalerite 
is only about one order of magnitude (39 percent at 894° C to about 3 
percent at 200° C), whereas the possible range of *S, in the pyrite field is 
many orders of magnitude (Fig. 6), it is obvious that *S, is an extremely 


of ideal S, gas. The calculations could be made in terms of S, S,, S,, or S, gas molecules 
or in terms of liquid or crystalline sulfur, or in terms of H,S/H, ratios or possibly even in 


terms of polysulfide in solution; but S, gas is by far the most convenient 


» Recent unpublished experiments by Barton indicate that this 


assumption is valid, at 
least to a first approximation 
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important variable for pyrite-sphalerite assemblages. Within the pyrrhotite 
field, however, Barton and Kullerud (3) found *S, to have little effect below 
556-600° C. In any case, the temperature given by the experimentally 
determined portion of the solvus in the FeS-ZnS system (14) gives a 
reliable minimum temperature of sphalerite crystallization (2). The down- 
ward extrapolation of the FeS-ZnS solvus indicated in this paper differs 
slightly from that of Kullerud, but is tentatively preferred because it meets 
the requirements of the *S, vs. 1/T plot described below better than does 
Kullerud’s extrapolation. 

The results of calculations of this type are most easily presented in a 
diagram such as Figure 6, in which log *S, is plotted against the reciprocal 
of the absolute temperature (centigrade temperatures are indicated on the 
diagram). The sulfur condensation curve is from Braune, Peter, and Nevel- 
ing (5) ; the troilite-iron curve is from Richardson and Jeffes (20); and the 
pyrite-pyrrhotite curve down to 200° C is from unpublished data by Barton 
and Priestley Toulmin 3d. Contours of constant FeS content of sphalerite 
are drawn in using the equilibrium constant to place the lines in areas where 
experimental data are scarce. Details of the diagram below 500° C are 
subject to possible minor revision, but the general relations are believed to 
be sound. Now, the problem is to fit the composition of the Central City 
sphalerites into this framework. 

The sphalerite richest in iron, from the Monmouth-Kansas mine (mine 
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31, Fig. 2), contains 20.5 mole percent FeS, which is slightly more iron rich 
than Figures 5 and 6 show to be compatible with pyrite but still within the 
experimental and/or analytical uncertainty. If pyrite was present, this 
sphalerite necessarily formed at about 620° C + 20° and at *S, of about 
10°*. If pyrite was not present at the time of sphalerite deposition, the 
sphalerite could have formed at a higher temperature; this is unlikely, 
however, as pyrite that is paragenetically earlier is in contact with sphalerite 
in this specimen. 

Temperatures of formation for the remainder of the sphalerites are less 
certain. The possible range in temperature given from the simple Fe-Zn-S 
system can be illustrated by the sphalerite from the Springdale mine (no. 
47, Fig. 2), which has 1.7 mole percent FeS. The sphalerite is from a 
pyrite-bearing assemblage. Therefore, reading directly from Figure 5 (or 
interpolating from Fig. 6), it is seen that sphalerite containing 1.7 mole per- 
cent FeS (and in equilibrium with pyrite) can form at any temperature be- 
tween 145° C and 585° C, depending on the activity of S,. Fluid inclusion 
measurements indicate that this sphalerite formed at a temperature of about 
280° C. 

The maximum temperature feasible for any part of the Central City dis- 
trict is governed by the temperatures at which the wall rock, which has a com- 
position equivalent to a quartz monzonite gneiss, would have begun to melt. 
For the central part of the district in which the water pressures during 
mineralization were probably fairly high this gives a maximum temperature 
of 650° to 700° C. 

It is possible to place some slightly more restrictive limits on the tem- 
perature ranges because of the fact that enargite and tennantite melt at 
655° C and 640° C, respectively (33); hence, crystals of enargite or ten- 
nantite projecting into open spaces probably formed below these temperatures. 
Further, some recent observations of dry synthetic sphalerite-pyrite-ten- 
nantite-enargite mixtures suggest that tennantite and enargite react with 
pyrite to form chalcopyrite and an arsenic- and sulfur-rich liquid at tem- 
peratures as much as 50° or 100° C below the cited melting temperature 
of 640° C. Thus, it is pussible that the maximum possible temperature of 
formation for the tennantite-pyrite-chalcopyrite-sphalerite-ores may be con- 
siderably lower than the 640° C indicated by Wernick and Benson (33). It 
is not impossible that enargite and tennantite could form by crystallization 
from sulfide melts, but it is unlikely in view of the fact that the well-developed 
crystal forms project into vugs. Such a crystallization from a melt may 
take place, for example, in the formation of some occurrences of native 
bismuth. 

The mineralogy of the ores provides some additional information on the 
activity of S,. The reactions (1) chalcopyrite + S, = pyrite + bornite and 
(2) tennantite + S,=enargite are strong functions of activity of sulfur 
and temperature ; the curves are shown in Figure 6. Reaction (1) is plotted 
from the data of Merwin and Lombard (18) and as yet unpublished data of 


Priestley Toulmin 3d and Barton. Because the assemblage bornite-pyrite- 


chalcopyrite-sphalerite is not represented among the samples analyzed, this 
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curve has no application here except to show that the chalcopyrite-pyrite- 
sphalerite assemblage is stable to relatively high S, activities. Hence, con- 
sidered alone, the presence or absence of chalcopyrite is probably not sig- 
nificant in interpreting the composition of the Central City sphalerite. Re- 
action (2) is plotted from some preliminary data of Barton and Toulmin. 
It is premature to evaluate the validity of the precise position of this curve, 
but to the extent that it is known it does make possible the determination 
of temperatures of formation of pyrite-sphalerite-tennantite-enargite assem- 
blages. As an example, mine No. 62 (Fig. 2) has this assemblage and the 
sphalerite contains 0.14 mole percent FeS. On Figure 6 the intersection 
of the 0.14 mole percent FeS in sphalerite contour with the tennantite-enargite 
curve indicates a temperature of about 200° C. Fluid inclusions from the 
sphalerite give temperatures of 220° C, which is in good agreement. As- 
semblages containing tennantite without enargite must form at S, activities 
lower than the curve and thus the intersections give maximum temperatures. 

Some pertinent information regarding the temperatures of mineralization 
is provided from the Jo Reynolds mine in the Lawson-Dumont-Fall River 
district, about 7 miles southwest of the Central City district. The mine 
is in the outer part of the peripheral zone that extends to the southwest from 
the Central City district. Here sphalerite containing about 2 mole percent 
FeS (lab. no. 246637) was deposited in association with pyrite, argentite, 
and native silver. If in equilibrium, this assemblage gives a temperature of 
about 170°,° as shown in Figure 6. 

A final reaction pertaining to *S, is reflected by the mineral assemblages 
of the Central City district: 


chalcopyrite) (tennantite) (pyrite) 
12 CuFeS, + 7 2S2 + 2 As2S3 —» Cu ypAsSi3 + 12 FeSs. 


Because the activities of both the S, and the As,S, are independently variable 
and differ considerably from unity, an equilibrium constant cannot be derived 
in terms of S, alone. Nevertheless, a tendency for the iron-poor sphalerites 
to be associated with chalcopyrite-free assemblages near the margins of the 
district and an increase of pyrite in pyrite-tennantite-enargite ore over that 
in pyrite-chalcopyrite ore suggest the likelihood that this reaction proceeded 
to the right as the solutions cooled and moved upward and outward. 

In Table 3 we summarize the limitations that can be placed on the tem- 
peratures of formation of sphalerites, taking into consideration the mineral 
assemblages and the results of fluid inclusion studies. The samples listed 
in Table 3 include those listed in Tables 1 and 2 and additional samples for 
which spectrochemical data are not presented. Temperature estimates are 
not given for those samples that contain strongly zoned sphalerite crystals ; 
such bulk samples do not yield meaningful temperature estimates, for they 

6 Campbell (6) estimated a temperature of 270° C using the same mineral assemblage 
and essentially the same sphalerite composition for the Torbrit silver mine in British Columbia. 
The difference in temperature estimates results from the very considerable, and heretofore un- 
expected, curvature of the pyrite-pyrrhotite curve recently measured by Barton and Priestley 


Toulmin 3d and the change in the downward extrapolation of Kullerud’s (14) curve for the 
FeS-ZnS solvus. 
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TABLE 3 


ESTIMATED TEMPERATURES OF FORMATION OF SPHALERITE, CENTRAL CITY DISTRICT 





Sample data Estimated temperature of formation, in °C 
Samp 
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consist of sphalerite of widely different compositions. Temperature esti- 
mates obtained from analysis of individual growth zones of zoned sphalerites 
are listed separately (Table 4). 

From the temperatures listed in Table 3 it is seen that sphalerite was 
deposited in the Central City district over a temperature range from about 
150° C at the margins to at least 620° C in the inner parts, with even larger 
variation possible. An interpretation of the significance of these tempera- 
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m © moderate grovth soning; « © strong grovth soming. Other samples contain unzoned sphalerite crystals. 


2/ ™me melting temperature of pure tennantite is 640°C. (Wernick and Benson, 33); it aay be much lover 
when other components are present (see text). 
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s/ The aaxieus auount of iron found in sphalerite with pyrite in synthetic runs in 19.5-20.0 mole perccat 
JeS at 620°C. 


y Measured on Richter stage; uncertainty is $°5-50°C. 
oy Estiaated from degree of filling at room temperature; uncertainty is large. 
Vv Range for four separate measurements: 170°, 140°, 200°, 230°C. 


¥ Veins are within ares of enaraite-bearina veins outlined on Fiaure 2. 


tures to the district-wide hypogene zoning will be presented in the report 
now in preparation by us. In brief, we interpret the mineralization as re- 
sulting from hypogene solutions that moved upward and outward from the 
region beneath the central zone. The solutions cooled rapidly in the vicinity 
of the intermediate and peripheral zones, first by a Joule-Thomson expansion 
through constrictions and then by mixing with ground waters. The re- 
sultant hybrid solutions then moved outward (in a relative sense) to form 
the outlying deposits. Because the loci of expansion and of mixing were 
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controlled by the local structural environments and because deformation, 
deposition, and resolution during mineralization repeatedly shifted the loci of 
expansion and mixing, the details of the thermal pattern remain unknown at 
present, and only the overall aspect of the mineralization is apparent. 

The S, activity also decreased outward, but to an extent such that more 
sulfur-rich assemblages, that is, enargite and iron-poor sphalerite (+ pyrite) 
could form marginally. This general trend is indicated by the broad arrows 
in Figure 6, and is in agreement with the interpretation preferred by Mc- 
Kinstry and Kennedy (17). This trend is quite different from the pattern 
described for Butte by Sales and Meyer (24) in which 5, activity decreased 


TABLE 4 
TEMPERATURE ESTIMATES FROM SOME GROWTH ZONED SPHALERITE CRYSTALS 


(Analyses by P. B. Barton, Jr., and Martha Toulmin] 





Estimated temperature range 
Sphalerite sample FeS Fe-Zn-S system] Fluid inclusior 
(Mole percent)| (Not corrected| (Corrected 1 
for pressure)| for pressure2/ 








Carroll Early dark (core) 395-700 
Yellow-orange growth zone 180-600 2o30, 320, 340 
Late dark 380-695 
Latest derk (crosscutting) 400-705 





Redebrown (core) 335-670 


Orange growth zone 200-610 220-280 
Outer yellow 180-600 





Blanche M Red-brown (bulk sample) 3 400-705 
Light growth zone 320 








Delmonico Early dark 485-740 
late light <100-545 

















Analyses by wet-chemical methods 
/ Pressure estimated at 250 bars. 
2/ Best of the 3 readings. 


outward because of the consumption of sulfur through reaction with wall rock. 
Although the physico-chemical data are too few to permit detailed calculations, 
it seems quite possible that the *S, versus temperature trends suggested by 
the arrows in Figure 6 may be attributed entirely to shifts in equilibria among 
the various ionic and molecular species within the ore-forming solutions 
while the fluids cooled as they moved upward and outward. That the solu- 
tions that mineralized the southeast part of the district were different from 
the others is obvious, but the reason for the differences has thus far escaped 
detection. 

The presence of kaolinite in the argillic portion of the alteration halo only 
a few inches or feet from sphalerites that give indicated minimum tempera- 
tures of as much as 505° C (Pat 1-1, Table 3) and its inferred presence 
in veins with even higher indicated temperatures presents a problem for 
which we have no completely adequate explanation. The temperatures in 
the vein walls a short distance from the ores certainly were very close to 
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the same temperatures as the solutions that deposited the sphalerite; yet 
several workers (7) have demonstrated that kaolinite cannot exist much above 
#10° C, as it converts to pyrophyllite, which in turn breaks down to an 
andalusitelike phase at about 475°. At temperatures of about 525° the 
andalusitelike phase breaks down to mullite.’ Careful examination by E. 
W. Tooker (written communication, 1960) has failed to reveal any evidence 
of pyrophyllite, andalusite, or mullite in any of the altered rocks even though 
geologic evidence strongly suggests that the alteration zones were of pre- 
sphalerite age. The only explanation that we can propose is that the kaolinite 
and other clay minerals formed from some higher temperature alteration 
assemblage by retrograde reaction since sphalerite deposition. Such late- 
stage alteration in vein deposits from the Lost River tin mine, Alaska has 
recently been described by Sainsbury (23). 


GENERAL CONSIDERATIONS REGARDING MINOR ELEMENTS IN SPHALERITE 


The sphalerites of the Central City district contain detectable amounts 
of a restricted suite of minor elements (Tables 1 and 2). In this section 
we shall discuss some general considerations regarding the interpretation of 
sphalerite analyses, using the data from Central City as examples. Detailed 
analysis of the data given in Tables 1 and 2 is not warranted, for the data 
are far too few to represent the complex pattern of mineralization described 
above. 

Unquestionably manganese, cadmium, tin, copper, mercury, lead, and 
cobalt, in addition to iron, can substitute for zinc in sphalerite; probably 
gallium and indium and, possibly, bismuth, silver, and molybdenum also 
substitute for zinc. The mode of occurrence of barium, chromium, and titan- 
ium in Central City sphalerite, however, is problematic. 

Another mechanism, similar to isomorphous substitution of metals for 
zinc, is the possible filling of vacancies in the structure, for only half of the 
tetrahedral sites are filled in ZnS. This type of substitution is known in 
the structurally similar chalcopyrite in which the deficiency in sulfur from the 
formula CuFeS, is due to the addition of interstitial metal atoms (13). 
However, this process is expected to be on a limited scale, if operative at all, 
for Skinner and Barton (29) could not detect any definite deviation from 
stoichiometric proportions in pure ZnS by X-ray or by gravimetric means. 

A possible explanation of anomalously high heavy metals, especially in 
samples collected from mine dumps, could be supergene processes in which 
heavy metals go into solution on oxidation of the sulfides containing them 
and then reprecipitate as a surface film on any unoxidized sphalerite. In 
essence, this is supergene enrichment on a micro-scale. Nickel, cobalt, 


iron, and manganese probably would not be concentrated by this process, 
but other metals whose sulfides are less soluble than ZnS, such as silver, 
copper, bismuth, lead, and mercury, might be added. Note, for example, 
that the sphalerite sample from mine No. 50 contains 3 percent mercury. 


All of these reactions are in the presence of quartz and water vapor. The uncertainties 
in the temperatures cited caused by metastability in the experimental work and by variation 
in water and/or confining pressure are negligible in this discussion 
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We would like to call attention also to the fact that interpretation of analyses 
for mercury from dump specimens of sulfide minerals from a gold camp such 
as Central City is hazardous because of possible mercury contamination from 
amalgamation. Adsorption of trace elements on the sulfide grains probably 
is minor because of the small surface area of coarse-grained sulfides. 

The minor elements present in solid solution in sphalerite are determined 
by several interrelated factors, most of which cannot be closely defined but 
can be discussed in general terms. The concentration of an element will be 
governed by its availability and by the ability of the host mineral to accom- 
modate it. The first of these factors is governed by the activities of the 
various components in the depositing solutions; the second is controlled by 
the crystal-chemical properties of the host mineral. Both factors will be 
influenced by temperature and pressure. 

Elements that appear as minor components in sphalerite, and yet are 
essential elements in other minerals associated with the sphalerite, will be 
present in saturation amounts. For example, the activity of PbS is fixed by 
the presence of galena, thus the amount of lead in sphalerite should be the 
maximum permitted by the PbS-ZnS binary at the temperature of deposition. 
In this work the sphalerite was analyzed for lead principally as a check for 
contamination by galena, but none of the samples analyzed for lead gave a 
blank, and the great majority of those that were not obviously contaminated 
with galena contain from a few tens to a few hundreds parts per million lead. 
Presumably this is the approximate limit of solid solution of galena in 
sphalerite at the temperatuyes prevailing during the mineralization at Central 
City. This conclusion is in permissive agreement with unpublished results 
of P. M. Bethke and Barton (written communication, 1961), who were 
unable to detect a definite change in the unit cell size of synthetic sphalerite 
saturated with galena at about 800° C and concluded that the sphalerite con- 
tained less than about 2,000 parts per million lead. 

Also, the copper content of the sphalerite was governed by the limits of 
solid solution of chalcopyrite, tennantite, and to a lesser degree enargite in 
sphalerite though, of course, the relations are much more complex than in 
the simple PbS-ZnS binary. The analyses for iron and copper make it 
possible to outline approximately the field of sphalerite in the system CuS- 
FeS-ZnS. As shown in Figure 7, the sphalerite field lies principally along the 
FeS-ZnS binary, extending only about 1 mole percent toward CuS. There 
is no indication of extensive solid solution from the ZnS corner toward 
CuFeS,, nor does there appear to be much solid solution along the CuS-ZnS 
binary. These observations are in excellent agreement with the experi- 
mental work of Toulmin (32) in the portion of the Cu-Fe-Zn-S system con- 
taining pyrite and sphalerite. If all the sphalerites formed at the same 
temperature and all formed in equilibrium with chalcopyrite, the analyses 
should define the line marking the limit of the sphalerite field at that par- 


ticular temperature. There are three explanations for the scatter of points 


within the sphalerite field: (1) temperatures were different for different 
sphalerites; (2) some sphalerites may not have formed in equilibrium with 
chalcopyrite; and (3) some of the exsolyed chalcopyrite may have been 
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FiGURE 7.-TRIANGULAR DIAGRAM OF / EXPLANATION 
PART OF THE SYSTEM CuS-FeS-ZnS, . ” ; 

SHOWING FIELD OF CENTRAL CITY ” —" 
SPHALERITE es aes 


Ccp= choicopyrite 


Limit of 


sphalerite field 


Ccp + Py + Sp 


Probable copper - bearing 


mpurities in sample 


4 
ZnS é 


mechanically separated from the sphalerite during the preparation of sphaler- 
ite for analysis. 

The manganese content of sphalerite from the Central City district varies 
widely, from 0.0007 to 0.28 percent, and thus manganese serves as a good 
illustration of some of the problems encountered in trying to interpret trace 
element data. One important relation is that manganese is geochemically 
much more abundant than is zinc; both the wall rocks and the ore-forming 
fluid may contain as much or more manganese than zinc and thus slight 
variations in local environment such as changes in wall rock may change 
the manganese to zinc ratio in the ore-forming solution and thereby vary 
the amount of manganese incorporated in the sphalerite. By way of con- 
trast, cadmium is chemically similar, but geochemically much less abundant 
than zinc; and furthermore, no mineral other than sphalerite serves as an 
appreciable reservoir or sink for cadmium. Thus the cadmium to zinc 
ratio is maintained at a very constant level (Tables 1 and 2) because there 
is no way for one of them to become separated from the other (except for 
the apparently rather ineffective selective complexing of one or the other, 
which may account for the observed slight variations in cadmium). The 
geochemistry of manganese in sphalerite is further complicated by the en- 
trance of manganese into other minerals, in this case pyrite. Hauerite, 
MnS,, has the pyrite structure and there is the probability of at least a 
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measureable degree of solid solution of pyrite toward MnS., though Fleischer 
(11) notes that about 1 percent manganese seems to be the maximum for 
analyzed pyrites. We can write a manganese analogue for the equation used 
earlier to discuss the iron in sphalerite: 


MnS (in sphalerite) + 1/2 Ss = MnS, (in pyrite) ; 
for which the equilibrium constant has the form: 


K aMnSez (in pyrite) 
‘\ - 7 : 
aMnsS (in sphalerite). 9S, 


Making the reasonable assumption that the activities are proportional to 
the concentrations, it is readily apparent that the ratio of manganese between 
pyrite and sphalerite will increase by one order of magnitude for each two 
orders of magnitude of *S,, in exactly the same way as does the iron content 
of sphalerite. It follows that manganese content will correlate with ircn 
content, which is in agreement with the analyses shown in Figure 8. This 
point has been made in an unpublished thesis by Doe (8), who also presented 
data which show that (neglecting 3 out of 12 as anomalous values) in a 
sulfide body at Balmat, N. Y. the ratio of manganese in pyrite to that in 
sphalerite is on the order of 0.06. Attempts to calculate distribution constants 
for manganese between pyrite and sphalerite at Central City have been 
thwarted by the fact that the sphalerite generally is in surficial equilibrium 
with the pyrite and hence, as explained earlier, cannot be used for effective 
trace-element distribution studies. 
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Correlation between Mn and Fe content of sphalerite, Central City district. 
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ANALYSIS OF SPHALERITE 
P. R. BARNETT 


The sphalerite samples that are listed in Tables 1 and 2 were analyzed 
by chemical and spectrochemical methods. Thirty-five samples were analyzed 
by chemical methods—copper and iron colorimetrically and lead by a standard 
volumetric method for ores. Quantitative spectrochemical analyses of more 
than 50 samples were made for iron, manganese, copper, arsenic, and anti- 
mony and of about one-third of these for cadmium, bismuth, cobalt, gallium, 
indium, molybdenum, and lead. The general techniques used for these 
analyses have been described (4). Because the concentration of some ele- 
ments, as for example iron, was relatively high, considerable dilution was 
necessary to bring them into the optimum working range. Extreme care, 
therefore, had to be used in selecting a dilutent free from the element to be 
determined. For the iron determinations a mixture of 91 percent quartz 
and 9 percent alumina was used; for the lead determinations, a special lead- 
free pegmatite base; and for the other elements, stock pegmatite-base devoid 
of those elements. The precision, as computed from replicate determinations, 
are comparable to those given in the above reference. Prior to the quantita- 
tive spectrochemical determinations several samples were analyzed semi- 
quantitatively. With this technique the presence or absence and the approxi- 
mate concentration ranges of some 60 elements could be quickly determined 
as a guide to what elements should be determined quantitatively. The tech- 
niques and approximate sensitivities of the semiquantitative method have 
been given (19). 


U. S. GeoLocicaAL SurvEY; Now AT MINNESOTA GEOLOGICAL SURVEY, 
UNIVERSITY OF MINNESOTA, MINNEAPOLIS 14, MINN. 
AND 
U. S. GEOLOGICAL SURVEY 
Wasuincton 25, D. C. 


REFERENCES 


Bartholomé, Paul, 1958, On the paragenesis of copper ores: Studia Univ. Lovanium, 
Fac. des Sciences 4, Editions de L’ Universite, Leopoldville, 32 p. 

Barton, P. B., Jr., and Kullerud, Gunnar, 1957, Preliminary report on the system FeS- 
ZnS-S and implications regarding the use of the sphalerite geothermometer [abs.] : 
Geol. Soc America Bull., v. 68, p. 1699. 

1958, The Fe-Zn-S system: Annual report of the Director of the Geophysical 
Laboratory 1957-1958, Carnegie Inst. Washington Year Book 57, p. 227-229. 

Jastron, Harry, Barnett, P. R., and Murata, K. J., 1960, Method for the quantitative spec 
trochemical analysis of rocks, minerals, ores and related materials by a powder-d.c. arc 
technique: U. S. Geol. Survey Bull. 1084-G, p. 165-182. 

Braune, H., Peter, S., and Neveling, V., 1951, Die Dissoziation des Schwefeldampfes : 
2. Naturforschg., v. 6a, p. 32-37. 

. Campbell, F. A., 1959, The geology of Torbrit silver mine: Econ. Grot., v. 54, p. 1462- 
1495. 

Carr, R. M., and Fyfe, W. S., 1960, Synthesis fields of some aluminum silicates: Geo- 
chim. et Cosmochim. Acta, v. 21, p. 99-109. 

Doe, Bruce R., 1960, The distribution and composition of sulfide minerals at Balmat, New 
York: Ph.D. thesis, Calif. Inst. of Tech. 

Drake, A. A., Jr., 1957, Geology of the Wood and East Calhoun mines, Central City 
district, Gilpin County, Colorado: U. S. Geol. Survey Bull. 1032-C, p. 129-170. 





SOME ASPECTS OF GEOCHEMISTRY OF SPHALERITE 1237 


Edwards, A. B., 1954, Textures of the ore minerals and their significance: Melbourne, 
Australasian Inst. Min. Metallurgy (Inc.), 242 p 

Fleischer, Michael, 1955, Minor elements in some sulfide minerals, in Pt. 2 of Bateman, 
A. M. ed. (Econ. Geol. 50th Anniversary Vol.): Econ. Gro., p. 970-1024 

Goddard, E. N., Chm., and others, 1948, Rock-color chart: Natl. Research Council, Wash- 
ington, D. C. 

Hiller, J. E., and Probstain, K., 1956, Thermische und réntgenographische Untersuch 
ungen am Kupferkies: Zeitschrift fiir Kristallographie, Bd. 108, S., p. 108-129. 

Kullerud, Gunnar, 1953, The FeS-ZnS system, a geological thermometer: Norsk Geol 
Tids., v. 32, p. 61-147 

1959, Sulfide systems as geological thermometers, in Abelson, P. H., Researches in 

geochemistry: New York, John Wiley and Sons, Inc., p. 301-335 

Lindgren, Waldemar, 1933, Mineral deposits, 4th ed.: New York, McGraw-Hill. 

McKinstry, H. E., and Kennedy, G. C., 1957, Some suggestions concerning the sequence 
of certain ore minerals: Econ. GEot., 52, p. 379-390 

Merwin, H. E., and Lombard, R. H., 1937, The system Cu-Fe-S: Econ. Geot., 
p. 203-284. 


Vv. 


Myers, A. T., Havens, R. G., and Dunton, P. J., A semiquantitative spectrochemical 
method for the analysis of rocks, minerals, and ores: U. S. Geol. Survey Bull. 1084-1 
(in press) 

Richardson, F. D., and Jeffes, J. H. E., 1952, The thermodynamics of substances of 
interest in iron and steel making; in pt. 3, Sulfides: Jour. Iron and Steel Inst., v. 172, 
p 165-175 

Rose, A. W., 1958, Significance of the iron content of sphalerite [abs.]: Geol. Soc 
America Bull., v. 69, p. 1635. 

, 1959, Trace elements in sulfide minerals from the Central district, New Mexico, 
and the Bingham district, Utah [abs.]: Geol. Soc. America Bull., v. 70, p. 1664. 

Sainsbury, C. L., 1960, Metallization and post-mineral hypogene argillization, Lost River 
tin mine, Alaska: Econ. Geror., v. 55, p. 1478-1506. 

Sales, R. H., and Meyer, Charles, 1949, Results from preliminary studies of vein forma- 
tion at Butte, Montana: Econ. GEo.., v. 44, p. 465-484. 

Sims, P. K., 1956, Paragenesis and structure of pitchblende-bearing veins, Central City 
district, Colo.: Econ. Grov., v. 51, p. 739-756. 

Sims, P. K., Drake, A. A., Jr., and Tooker, E. W., Economic geology of the Central 
City district, Gilpin County, Colorado: U. S. Geol. Survey Prof. Paper 359 (in press). 

Sims, P. K., Osterwald, F. W., and Tooker, E. W., 1955, Uranium deposits in the 
Eureka Gulch area, Central City district, Gilpin County, Colorado: U. S. 
Bull. 1032-A, p. 1-32. 

Skinner, B. J., 1959, Effect of manganese on the sphalerite geothermometer [abs.]: Geol. 
Soc. America Bull., v. 70, p. 1676. 

Skinner, B. J., and Barton, P. B., Jr., 1960, The substitution of oxygen for sulfur in 
wurtzite and sphalerite: Am. Mineralogist, v. 45, p. 612-625 

Skinner, B. J., Barton, P. B., Jr., and Kullerud, Gunnar, 1959, Effect of FeS on the 
unit cell edge of sphalerite. A revision: Econ. Grou., v. 54, p. 1040-1046. 

Tooker, E. W., 1956, Altered wall rocks along vein deposits in the Central City-Idaho 
Springs region, Colorado: in Swineford, Ada, ed., Clays and clay minerals—4th Natl. 
Conf. Proc.: Natl. Acad. Sci Natl. Research Council Pub. 456, p. 348-361 

Toulmin, Priestley, 3d, 1960, Effect of Cu on sphalerite phase equilibria—a preliminary 
report [abs.]: Geol. Soc. America Bull., v. 71, p. 1993. 

Wernick, J. H., and Benson, K. E., 1957, New semiconducting ternary compounds: Phys 
and Chem. of Solids, v. 3, p. 157-158. 


Geol. Survey 





Economic Geology 
Vol. 56, 1961, pp. 1238-1249 


MINERALOGY AND GENESIS OF THE WOLFRAMITE ORE 
DEPOSITS, NEEDLE HILL MINE, NEW TERRITORIES, 
HONG KONG 


S. G. DAVIS 
CONTENTS 


Abstract 

Introduction 

Location and topography 
History 

Production 

General geology 

Structure 

Petrography 

Rock alteration 

Minerals of the quartz veins 
Consideration of the genesis of the wolframite 
Acknowledgments 

References 


ABSTRACT 


The Needle Hill Wolfram Mine is the largest in Hong Kong. It is 
also the only mine still in operation. This paper presents a description 
of the deposits and their genesis based on investigations spread over more 
than twenty years. 

The general geology of the area is simple. A large granite stock 
abuts a quartz porphyry, which is the country rock. This granite was 
injected during the early period of the Alpine orogeny. Fractures and 
fissures in the margins of the granite localized the wolframite-bearing 
quartz veins which dip with strikes parallel to the contact between the 
granite and the quartz-porphyry. The depth of mineralization is about 
500 feet. 

The marginal zones of the granite show considerable deuteric altera- 
tion. The presence of pegmatites is regarded as an indicator of both 
wolframite and molybdenite deposition. The sequence of alteration proc- 
esses was as follows: (a) Albitization at high temperatures (b) Earth 
movements causing fracturing (c) Greisenization followed by intensive 
intravenous metasomatism with wolframite and other minerals replacing 
part of the quartz (d) Later metasomatism to form the orthoclase-quartz- 
biotite pegmatites, and iron, lead and zinc sulfides. 

Minerals in the quartz and pegmatite veins, but rarely more than two 
together at one place are: wolframite, molybdenite, galena, sphalerite, bis- 
muth, cassiterite, magnetite, pyrite, fluorite, muscovite and serpentine. 
The wolframite generally occurs in massive form up to 3 inches. The lin- 
ings of vugs may contain tabular crystals of wolframite. 

Hydrothermal activity also caused extensive seritization and chloritiza- 
tion. It is proposed that the hydrothermal solutions came from some part 
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of the granite mass during differentiation. The alteration of the granite 
margins to greisen is explained by metasomatic replacement. 

The daily output of ore in 1960 averaged between 30 to 40 tons. In 
1941 the average monthly output was 10 tons of WO; concentrate. An 
average of five analyses of Needle Hill wolframite is as follows: WO; 
75.2%, MnO 3.8%, FeO 21.0%. No scheelite has been reported. 


INTRODUCTION 


THE wolframite deposits of Needle Hill (1) are the largest in Hong Kong. 
They are also of special interest since they have many geological and min- 
eralogical similarities with those found in the neighboring Chinese * provinces 
of Kwangtung, Hunan and Kiangsi (3, 6). The large batholith of igneous 
rocks in which they occur stretches from Hangchow Bay to eastern Siam. 

This study expands the description of the wolframite deposits at Needle 
Hill as described in “The Geology of Hong Kong” (2). It represents the 
results of field and laboratory investigation begun in 1940 and spread over 
a twenty-year period. The views expressed in the earlier description, espe- 
cially those concerning the petrology and genesis of the ore, have been con- 
siderably modified. 

There is ample evidence that these deposits are associated with an intruded 
granite. The richest deposits are in steep quartz veins that occur in the 
margins of the granite. The average WO, content of the quartz veins is 
about 1 percent. 

Location and Topography.—The Needle Hill Mine (Fig. 1) is located 
on the east side of the Shing Mun reservoir in the Leased New Territories 
of Hong Kong. It is about 9 miles north of Kowloon and easily accessible 
through Tsuen Wan by motor road. 

Morphologically the region is youthful with steeply incised river valleys 
and rapid stream run-off. The Shing Mun river, which only has water 
when the reservoir overflows, runs in an easterly direction across the southern 
part of the property to Sha Tin on Tide Cove. Two other short stream- 
courses, which are usually dry in winter, flow southward to the Shing Mun 
river. Needle Hill (531 m) is the highest point. The steep hillsides, except 
for occasional patches of coarse scrub, are mainly bare. They are well 
scarred by disused open-cast workings and dumps of rock debris. 

History —The wolfram deposits at Needle Hill were first exploited 
towards the end of the first World War. China had already begun in 1915 
to export tungsten ore to Europe. The use of tungsten in high-speed steel 
and its properties of hardening alloys had become recognized as vital in the 
manufacture of armaments. 

The first mining permit to work the deposits was issued in 1917. 


Throughout the 1920’s however because of low prices there was only sporadic 
mining. In these early days no major mechanical equipment appears to have 
been used. Mining methods followed the traditional Chinese technique of 


1 The tungsten ore deposits of south-east China are the largest in the world. Normally 
China supplies about one half of the world’s needs. The China Handbook 1952-53 gives 
an estimate of China's tungsten reserves as 5,342,800 tons. However the capricious occur 
rence of wolfram makes this figure, or any other, extremely unreliable. 





1240 S. G. DAVIS 


shallow surface cuts and adits which were limited in length by the amount 
of fresh air available. 

In 1930 while test-drilling during the construction of the reservoir at 
Shing Mun the high grade wolfram veins were discovered. On the com- 
pletion of the reservoir in 1936 a 21-year mining lease, Mining Lot No. 9, 
was issued to Marsman Investments, Ltd. of London. The area covered 
approximately 540 acres and was located to the east of the Shing Mun reser- 
voir. Later in 1938 the lease passed to Marsman, Hong Kong, China, Ltd. 

Marsman began by driving a main adit northwards into Needle Hill at 
the 350-foot level. This was about 50 feet above the bed of the Shing Mun 
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river. This attempt to intersect the quartz veins was a costly experiment. 
Most of the veins were pinched-out at this level and those that were not had 
molybdenite replacing the wolframite. Later two other main adits were 
driven at the 680-foot level. At about 350 and 400 feet respectively they 
tapped the wolfram-quartz veins. 

In December 1941 the Japanese over-ran Hong Kong and the mine was 
closed. In July 1942 the Taiwan Development Company, a Japanese con- 
cern, re-opened it. It was abandoned just before the end of the Pacific War 
when all the mining equipment was removed or looted. 

After 1945 the workings were picked over unofficially by former employees. 
In 1951 the Korean War caused the price of tungsten to rise and the mine 
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was re-opened. In 1955 it was closed again. In 1956 the leasehold was 
taken over by the present owners, the Yan Hing Mining Company of Hong 
Kong, and the mine re-opened. In 1961 it is operating on a reduced scale 
with about 50 miners. 

Production.—No reliable figures of the amount of wolfram mined at 
Needle Hill prior to 1936 are available. In 1937 the monthly average of 
wolfram concentrates (65% WQO,) was about 7 tons. The ore dressing 
methods then as now were simple but effective. The ore was first hand- 
cobbed off a belt-conveyor. The remainder was then crushed by hammer 
for further concentration. A system of sluicing, panning, and jigging was 
used for the final separation. 

In 1941 more than 500 Chinese miners were employed \ ‘th an average 
monthly output of 10 tons WO, concentrate. During the Japanese occupa- 
tion the monthly output is said to have been increased to about 12 tons. 

In 1952 the high price of tungsten (HK$850 per picul compared with 
the present price of about HK$300) encouraged increased activity in the 
mine. About 2,000 miners were employed. Since 1955 output has reduced 
drastically. The following production figures indicate the change : 


OreE CONCENTRATES MINIMUM CONTENT 65°, WO 


1951 43,442 Ibs 
1952 186,447 lbs 
1953 182,221 Ibs 
1954 52,553 lbs 
1955 27,540 lbs 


In 1956 the Yan Hing Mining Company began operating on a much 
reduced scale and this still continues. Today there are 50 miners employed 
of which half work underground. The daily output of ore in 1960 averaged 
between 30 to 40 tons. The recovery of wolframite was about 0.6%. With 
improvements in the adits and haulage ways, more detailed exploration 
surveys and better recovery processes the management has calculated that 
a labor force of 125 could operate the mine with profit. This force during 
one nine-hour shift could recover 100 tons of ore daily, which could be bene- 
ficiated to about 15 tons monthly of WO, concentrate. 


GENERAL GEOLOGY 


The surface geology of the Needle Hill district is shown in Figure 2 
and 3. Wolfram bearing quartz veins that strike approximately NW-SE 
occur on the margin of a late-Cretaceous granitic mass. Although more 
than half of the granitic mass is coarse textured the rest is made up of 
microgranites, aplites and pegmatites. Greisen is also common and occurs 
predominantly above the 600-foot level. 

In the northern part of the area is a quartz porphyry of early Jurassic 
age. The contact between this country rock and the granite is clearly seen 
in the field as the line of weakness has been exploited by a west-running stream 
to cut a steep sided valley. 
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Structure —Pre-mineral structure almost certainly controlled and directed 
the granitic intrusion. But in the immediate vicinity of Needle Hill it is 
not readily apparent. 

The quartz-porphyry suffered severe fracturing and faulting during the 
mountain-building movements of the Jurassic period (Yen Shan No. 1). 
This was the period when the great batholith of igneous rocks in Cathaysia 
was formed and took on the well defined northeast to southwest structural 
alignment. 


Fic. 4. Steeply dipping quartz vein. 


The granitic intrusion was injected during the early Alpine orogeny, pos- 
sibly Laramide (Yen Shan No. 2). It was the source of the ore-forming 
fluids. A major fault striking NE-SW served as a channelway. At a later 
period minor fissures and faults enabled the localization of the ore-bearing 
quartz dikes and sills. The quartz veins dip from 70° to 90° (Fig. 4) 
parallel to the line of contact between the granite and the country rock, and 
are commonly 3 to 15 inches wide, although one is 20 feet. 

Post-mineral horizontal faulting took place at the 400-foot level. One 
quartz vein is cut off abruptly. The fault in one section is clean-cut with 
a well polished surface while elsewhere it is shattered into a breccia. 


PETROGRAPHY 


Hong Kong Granite—The chemical composition of a typical granite 
occurrence is given in Table I. This is regarded as standard. The wide 
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extent of rock varieties encountered in the Needle Hill granitic mass enables 
them to be more easily described by their departures from this standard. 

A specimen shows no directed characters nor are there any other ex- 
ceptional structural features present. The rock is coarse grained with the 
average grain size about 2 mm. Some pink feldspar occurs up to 1 cm in 
length, but this is the only mineral whose crystal size departs from that 
of the average grain size of the rock. The texture is practically equigranular 
and is hypidomorphic. 

The minerals present are: (1) faintly pinkish felspar showing simple 
twinning; (2) quartz; (3) white felspar, some crystals of which exhibit 
fine albite twinning; and (4) biotite. 

Microscopically the rock is holocrystalline and practically equigranular. 
No minerals show crystalline boundaries although the sections of plagioclase 
are roughly oblong. On the boundaries of some of the alkali felspar crystals 
there is an intergrowth with small particles of quartz. 


TABLE 1 
Rock ANALYSES 
Granite Quartz porphyry 
SiO» 73.37 67.55 
AlvOs 12.85 14.30 
Fe20O; 0.53 0.06 
FeO 2.37 5.82 
MgO 0.26 1.04 
CaO 1.15 3.09 
Na:O 3.26 3.38 
K:O 5.12 4.01 
H,O+ 0.35 0.71 
H,O 0.00 0.01 
CO: 0.00 0.00 
TiOz 0.21 0.22 


Total 99.00 100.19 


The minerals present are: alkali felspar, plagioclase, quartz, biotite, horn- 
blende, and apatite. On the whole these minerals are but little altered. In 
the case of the felspars the little alteration present has given to the alkali 
felspar a brownish color and rendered the plagioclase gray. 

The alkali felspar is present in three varieties: (1) homogeneous ortho- 
clase with irregular veinlets of albite; (2) microcline; and (3) orthoclase 
and microcline shot through with very fine spindles of another felspar that 
is probably albite. All of these varieties of alkali felspar show alteration in 
places to white mica. 

The plagioclase is all markedly zoned. The zoning is mostly uniform 
but in some cases it is of the oscillatory type. Twinning is present according 
to the albite, carlsbad and pericline laws. The albite lamellae are consistently 
thin. The composition varies and an exact estimate of the mean value is not 
possible by ordinary methods. The material however all seems to lie within 
the oligoclase division of the plagioclase series. The alteration is both to 
white mica shreds and to very fine granular epidote. 

The mica present is golden-yellow to deep brown biotite and it occurs as 
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irregularly bounded crystals. Only very minor amounts of hornblende are 
present and the mineral is partly altered to epidote. Along with the mica 
a few minute crystals of apatite occur. 

The proportions are—Dark Minerals: Light Minerals: 5:95; Quartz: 
Felspar: 30:70; Pink Felspar: White Felspar: 50: 50. 

Granite Pegmatites—Generally the granite pegmatites occur as irreg- 
ularly shaped masses. There is ample field evidence of the co-magmatic 
relations of the pegmatite and the granitic mass. The rock is distinctive 
because of its coarse and irregular grain size. Except in a few occurrences 
where large biotite is also present, the majority of the other occurrences are 
composed exclusively of quartz and felspar. 

Wolframite occurs in the pegmatite where there is little or no quartz 
present. The principal minerals commonly associated with the wolframite are 
orthoclase and fluorite. The paragenesis is fluorite, which exhibits cubic 
form, followed by orthoclase felspar which has been injected by the irregular 
shaped wolframite. 

The wolfram-bearing pegmatites are mainly found in the lower mine 
workings near to the 500-foot level. However one pegmatite occurs at 
about 850 feet. 

A plite-—Aplites occur less commonly than the pegmatites with which 
they are generally associated. They are light in color and have a fine- 
grained, “sugary” texture. The principal minerals are quartz and felspar 
with some muscovite. 

Greisen—The greisen varies from place to place both in texture and 
composition. In color it ranges from blueish gray to dark gray. It is 
composed essentially of quartz and muscovite. Under the microscope may 
be seen examples showing the alteration of felspar to white mica. Wolframite 
forms irregularly in the greisen, and is later than the chlorite and sericite, 
which it cuts with veins. 

Tai Mo Shan Porphyry.—The chemical rock analysis of the Tai Mo 
Shan porphyry places it in a position intermediate between a rhyolite and 
a dacite (Table I). This is in agreement with the mineralogical composition 
as will be seen from the following description. 

The porphyry has a brown, rhyolitic base and phenocrysts of white 
felspar and greasy quartz. The minerals present are generally glassy. 
White felspar crystals show carlsbad twinning. There are duller white 
felspar crystals with no twinning visible together with quartz and _ biotite. 
All these phenocrysts are of fairly uniform size and are about 1.5 mm in their 
largest dimension. 

Microscopically the base of the rock is cryptocrystalline to microcrystalline 
with some small patches of coarser grain. The phenocrysts are fragmentary, 
and even where individuals showing crystal faces are present part of their 
boundaries is of the fracture type. These phenocryst fragments, moreover, 
are of all sizes from that of the dimensions mentioned above to grains only 
a little larger than the coarsest material of the groundmass. 

The minerals that can be seen are quartz and alkali felspar; some green 
hornblende, some brown biotite and flakes of white mica are also present. 





1246 S. G. DAVIS 


The phenocrysts consist of orthoclase with microperthite, plagioclase, quartz, 
hornblende and biotite. The composition of the plagioclase ranges between 
\b,, An,, and Ab,, An,,. Alteration to white mica and epidote is present 
in all of the crystals some of them being entirely replaced by such aggregates. 
The hornblende is altered in many cases to chlorite and iron ore. 

The mineral proportions are—Groundmass: Phenocrysts: 60:40; Dark 
Minerals: Light Minerals: 10:90; Quartz: Felspar: 50:50; Plagioclase: 
Alkali Felspar: 50:50, in the phenocrysts. 


ROCK ALTERATION 


The marginal zones of the granitic mass show considerable deuteric 
alteration particularly near lateral and upper contacts with the quartz por- 
phyry. Alteration to greisen is dominant but closely associated are peg- 
matites and aplites, which grade into quartz veins. 

Generally the orthoclase and plagioclase felspars have altered into sericite, 
kaolinite, chlorite and white mica. The biotite has been transformed into 
hydromica; some orthoclase has changed to microcline. Strain shadowing 
is typical in the quartz. 

There is evidence that the degree of deuteric alteration is responsible for 
the contrasting rock textures. The presence of pegmatites is taken as an in- 
dicator of wolframite and molybdenite deposition. It is conjectured that 
these ores were deposited by the agency of magmatic solutions and were con- 
centrated in the cooler outer-margins of the granite mass. 

The sequence of alteration processes was as follows. 


1. Albitization, which was completed in the granite at high temperatures 
before the wolframite was deposited. 
Earth movements that caused fracturing and fissuring, which were 
later filled to form quartz veins. 
Greisenization followed by intensive metasomatism: with some part 
of the quartz being replaced by wolframite, molybdenite, sericite, mus- 
covite, and rarely fluorite. 


Further metasomatism that formed the orthoclase-quartz-biotite peg- 
matites. 


Possibly contemporaneous or just slightly later than the pegmatites 
came the iron sulfides, galena, and sphalerite. They are arranged in 
irregular veining across the steep dipping quartz-bearing wolframite 
veins. 


The above sequence has a close similarity to that proposed by Miroslav 
Stemprok for the ore deposit of Zinnwald in Czechoslovakia (7). 
MINERALS OF THE QUARTZ VEINS 


The quartz veins occur most commonly as dike-veins but also as irregular 
masses. In places they are pegmatitic and include massive orthoclase and 
rarely biotite. Minerals that occur in the quartz and pegmatite veins, but 
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Massive wolframite in felspar pegmatite. 


seldom occurring more than two together at a time are: wolframite, molyb- 


denite, galena, sphalerite, bismuth, cassiterite, magnetite, pyrite, fluorite, 
muscovite, and serpentine. 


The general pattern is that of a series of parallel steep-dipping (70° to 
90°) veins striking approximately N 40° W. The general dip is towards the 
southwest. There are 6 principal veins, A, B, C 


D, E and F that are 


Fic. 6. 


Striated molybdenite in quartz vein. 
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worked for wolfram. The veins outcrop on the steep hillsides between the 
700- and 900-foot levels. The thickness of these veins varies from 3 to 15 
inches although outcropping lower down at the 480-foot level is one 20 feet 
but carrying no tungsten. 

The wolframite occurs generally in massive form (Fig. 5) up to 3 inches. 
Generally it occurs on the margins of the veins. However where there are 
vugs it occurs in their linings as prismatic crystals commonly tabular in 
habit and perhaps accompanied by molybdenite (Fig. 6). 

The outcrops of the veins have been traced for 1,500 feet. However 
all this length does not carry economic amounts of tungsten. Thus at the 
700-foot level in No. 3 tunnel, wolframite begins to fade away in the west 
part of the vein where molybdenite becomes more abundant. No satisfactory 
explanation for this phenomenon has so far suggested itself. Along the 
dip the veins pinch out at about the 400-foot level. Thus from the surface 
outcrop at about the 900-foot level the effective zone of metallization is about 
500 feet. 

An average of five analyses for the Needle Hill wolframite is as follows: 
WO, 75.2%, MnO 3.8%, FeO 21.0%. 

No tungsten in the form of scheelite has so far been found in the mine. 
This is fortunate by comparison with the mines nearby at Lin Fa Shan, 5 
miles to the west, where scheelite does occur. The cost of separating wolf- 
ramite from scheelite increases the price considerably. 


GENESIS OF THE WOLFRAMITE 


This consideration of the genesis of the wolframite deposits will not at- 
tempt to discuss the larger aspect of the origin of granitic masses. 

The importance of quartz veins has been pointed out in the paragraph 
on structure. The concentration of the wolframite is associated with both the 
quartz and pegmatite veins. They were formed in the pre-mineral faults 
and fractures and are parallel to the main line of contact. Hydrothermal 
mineralizing fluids emanating from within the granitic mass and other 
apophyses in the area filled these openings in the outer margins of the mass 
to form lodes and veins. The margins were cooler and encouraged precipita- 
tion. In similar occurrences in Hong Kong the wolframite was undoubtedly 
transported by gases or vapors, particularly of fluorine and lithium. This 
is not observable at Needle Hill. However there is ample evidence of 
sericitization and chloritization which indicate the importance of hydrothermal 
activity. 

Detailed study in the field along the quartz porphyry contact zone failed 
to show if its faults and fractures were also filled with similar hydrothermal 
penetrations and wolfram-quartz veining. It is possible that the down- 
cutting of the small westward flowing stream to the Shing Mun reservoir 
has removed this evidence. Until other evidence is available it is proposed 
that the hydrothermal solutions came from some part or parts of the granitic 
mass. 


The alteration of the granite margins to greisen by metasomatic replace- 
ment is also explained by the same chemical and physical processes. 
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PROSPECTING FOR ORE DEPOSITS BY PANNING 
HEAVY MINERALS FROM RIVER SANDS 


GUNTER ZESCHKE 


ARSTRACT 


Tracing of valuable minerals or indicator minerals in alluvium has 
been used successfully during prospecting in Europe and Asia. Heavy 
minerals are carried farther by streams than has commonly been supposed ; 
as examples, scheelite has been carried 1,100 miles, wolframite 800, and 
hydrozincite 80 miles. 

lhe heavy minerals are recovered by panning and sifting and are 
identified by determinations of radioactivity, fluorescence, magnetic prop- 
erties, hardness, streak, optical properties determinable with petrographic 
or binocular microscopes, and qualitative chemical tests. The distribu- 
tion of scheelite in alluvium in northern Pakistan is given as an example 
of the application of the technique. 


INTRODUCTION 


GEOCHEMICAL and geophysical prospecting methods have been highly de- 
veloped during the last two decades and are now standardized and, in part, 
easy to use. It is, of course, difficult to predict what mineral and ore deposits 
can be expected in areas in which none are already known. A geologist 
planning a prospecting effort likes to know what minerals and types of de- 
posits he should expect to find. 

A very easy way to explore for unknown deposits is to concentrate 
heavy minerals from river sands by panning and to trace one or more ore 
minerals upstream to the primary deposit from which they were derived. 
Obviously this method works only if the deposit crops out. The sensitivity 
of analysis by mineral separation can be much greater than that of chemical 
analysis. For example, it is easy to detect one or two grains of a fluorescent 
mineral like hydrozincite or scheelite in several pounds of sand. 

During his work in Europe and Asia the author found that some min- 
erals that are useful in prospecting are carried much farther by streams than 
had earlier been known; for example, the very brittle mineral hydrozincite 
travels up to 80 miles in river sand. It is not easy to determine the exact 
distance of transportation because there may be more than one primary 
source. 

The methods of panning and testing of concentrates that the author de- 
veloped are cheap, quick, and less time consuming than most geochemical 
methods. Large areas can be covered in a few months and a map prepared 


of places where economic minerals might occur. The method is especially 


useful in under-developed countries. 
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PROSPECTING FOR ORE DEPOSITS 
TRANSPORTATION OF HEAVY MINERALS BY RIVERS 


Not many important ore minerals can be transported in river sands with- 
out being decomposed or broken up. <A few brittle and moderately soft min- 
erals can, however, be carried for surprisingly long distances. Most minerals 
that are recovered from placers are near to the primary sources, as, for 
example, cassiterite, gold, platinum, and diamonds. These minerals are 
not carried far because they are heavy and not brittle enough to be broken 
into small, easily carried particles as are some other heavy minerals. The 
distance a mineral will travel depends upon the composition and physical 
properties of the mineral, and the characteristics of the stream. Important 
properties of the mineral are: solubility in water, specific gravity, cleavage, 
brittleness, and the size and shape of particles. It is more difficult to de- 
termine quantitatively the significant properties of the streams. They include 
the pH, chemical composition, temperature of the water, the velocity of 
flow, characteristics of the channel, and the associated migrating minerals. 
With so many variables it is impossible to predict the distance to which a 
particular mineral will travel. One commonly overlooked factor is the bouy- 
ant effect of turbid waters, during floods, when small particles of heavy 
minerals are suspended as during heavy medium separation and are carried 
for long distances. Finding the primary source of the detrital ore minerals 
is not easy because all tributaries of a major stream must be checked for 
the minerals. Glaciation may prevent the discovery by spreading originally 
locally distributed minerals over a large area, in which they can be found in 
all streams. 

Table 1 shows transportation distances which the author has found. 
Naturally similar distances need not be expected in other areas or conditions. 


METHODS OF CONCENTRATING HEAVY MINERALS 


The cheapest and fastest methods of concentrating heavy minerals from 
sand is panning or jigging. The use of panning in recovering gold, platinum, 
and diamonds is so well known that it needn’t be described here. Panning 
is well adapted to heavy mineral prospecting because it is necessary to re- 
cover only a few minerals that are of economic interest, not all heavy min- 
erals, and to trace these minerals upstream. The specific gravity of the 
mineral desired determines how carefully the panning must be done and 
long it will take. , Panning scheelite takes only a minute, uraninite 2 to 3 
minutes and hydrozincite 3 to 4 minutes. A simple wooden or copper pan 
or even a large watch glass can be used as a pan. 

Often the mineral sought is only in one or two sieve fractions—this 
depends mostly on the transportation distance as the coarser grains of a 
mineral are generally near the primary source and the finer grains are 
farther away from it. Figure 1 shows the decrease in grain size of chromite, 
scheelite, hydrozincite, and uraninite with increasing distance from the source. 

Use of natural concentrations of heavy minerals in the streams will be 
quickest and best. These can be selected by their color, black sand is gen- 
erally magnetite, brown or red sand is mostly garnet, and yellow to brown 
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TABLE 1 


SoME TRANSPORTATION DISTANCES IN RIVER SANDS 


a Distance of travel, 
miles 


River 

Scheelite 1,100 Indus Pakistan 
Wolframite 800 Indus Pakistan 

Zircon 800(?) Indus Pakistan 

Gold 320(?) Indux Pakistan 
Monazite 120 Upper Indus Pakistan 
Chromite 110 Hindubagh N.W.F. Provinces, 
Pakistan 
Uraninite 100 Indus Pakistan 
Antimonite 80 Kabul Chitral, Afghanistan 
Hydrozincite 80 Rio Ter Spain 

Scheelite 40 Strymon | Greece 

Torbernite 12 Rio Brugent Spain 

Autunite S Rio S. Coloma Spain 

Autunite 6 Wiese Germany 





sand commonly rich in monazite. Natural concentrates can be found under 
boulders or on the side of obstacles in the river on which the water is slowed. 

The concentrates are dried by the sun or over fire and separated by 
magnets and by sieve fractions as outlined in Table 2. Separation by bromo- 
form or other heavy liquids is usually unnecessary. 
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Fic. 1. Decrease in grain size of heavy minerals with increasing distance 
of transportation. The chromite is from the Hindubagh river, the scheelite from 


the Siran river, and the uraninite from the Indus river, all in Pakistan; the hydro- 
zincite is from Rio Ter, Spain. 





PROSPECTING FOR ORE DEPOSITS 


TABLE 2 
SEPARATION OF HEAVY MINERALS IN THE FIELD 


Heavy mineral concentrate 
(panned, jigged) 
Drying 
Magnetic separation Non magnetic fraction 
(by different types of magnets) 

Strong magnetism Sieve fractions 

50, 100, 200, 500 micron grain sizes 
Low magnetism 
Magnetic after glowing red hot In difficult cases: 

Separation by bromoform or other 

heavy liquids 

Separation under the binocular 
microscope 


DETERMINATION OF HEAVY MINERALS 


The first tests can be applied after drying and removal of strongly mag- 
netic material—which is mainly magnetite. The remaining minerals are 
checked for fluorescence under ultraviolet light and for radioactivity. This 


TABLE 3 


MINERAL DETERMINATION OF HEAVY MINERALS IN THE FIELD 


Magnetic fraction 
Magnetite Not useful for prospecting as in 


Highly magnetic 
man rock types 


Strongly magnetic Pyrrhotite Not yet proved to be useful 


Sometimes magnetic Monazite Only useful in a few cases 


Magnetic after heating Chromite, Can be useful for prospecting for 
to a glowing red hot ilmenite Cr-Ti-Deposits: magnetic after 
red heat 
Nonmagnetic fraction 
Red colors could be ruby (red), zircon (red-orange), 
diamond (red, reddish, orange), spinel (red, reddish), 
monazite (orange, brownish) 


UV-tests: 


Yellow colors could be zircon (yellow, yellow-brown), 
scheelite (yellow-white), powellite (yellow, yellow- 
white), matlockite (yellow), diamond (yellow- 
orange), ruby (yellow) 

Green colors could be Hydrozincite (white-green), 
fluorite (different shades of green), willemite (green), 
some uranium-minerals 

UV-tests: Blue to white could be scheelite (blue-white to white), 
hydrozincite (blue-white to white), sapphire (blue- 
violet), fluorite (blue to violet) 


Geiger-test for all types of radioactive minerals 
Bead test grains are picked up by a wet platinum wire and bead 
tests for uranium and tungsten. 
Hardness test a set of pairs of parallel plates is used 
Streak grain is rubbed between two parallel porcelain plates 
Optical methods determination under the binocular with the usually 
optical methods used in mineralogy 


Microchemical test 
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Fluorescent color 


Red 


Orange to brown 


Yellow 


Green 


Blue to violet 


White 


SOME 
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rABLE 4 


USEFUL MINERALS, WITH SHORT-WAVE ULTRA-VIOLET LIGHT 


Mineral 
Beryl 
Ruby 
Emerald 
Spinel 


Zircon 


Diamond 
Monazite 


Scheelite 


Powellite 
Matlockite 


Zircon 
Diamond 
Quartz 
Ruby 


Secondary 
U. Minerals 


Fluorite 
Willemite 
Hydrozincite 
Bery! 
Diamond 


Topaz 


Autunite 


Scheelite 
Fluorite 


Diamond 
Sapphire 


Scheelite 


Hydrozincite 


Powellite 


Quartz 


Comments 
Rose to reddish. Rare in concentrates. 
Deep redtored. Nota good guide to ore 
Rose to reddish. 


Red to reddish. 


No guide to ore. 
Seldom a guide to ore 
Yellow-orange to brown. Very common 

but not a good guide to ore. 
Yellow-orange. Rarely found. 


Deep orange to orange. Rarely found 


White to yellow, yellow increase with 
powellite content. Very long distance 
of transport. 

Yellow. Common. 
few miles. 


Transported only a 


Yellow-white to white 
few miles. 


Yellow. 
Yellow-orange 


Transported a 


Not common 
Rare 
Yellow to white-yellow 
Yellow. Rare. 


Seldom travel more than 2-5 miles. 


Rare. 
Not a guide to ore. 


All shades of green. 
lar. 


Rarely transported 


Green. Seldom transported more than 
2 miles. 

All shades of white-green to white and 
blue-green. 
or ore. 


Very useful to all types 


White-green to green. Rare. 


Greenish. Very rare. 

Greenish. Very rare. 

Yellow-green. 
miles. 


Oniy transported a few 


Other green-fluorescing minerals are 
mostly uranium minerals. Generally 
transported only a few miles before 
dissolving. 


White-blue. Very common. 
transportation distances. 


Very long 


Blue to violet, green-blue. 
travels far. 

Bluish. Rare. 

Violet to blue. 
for prospecting. 


Rarely 


Rare. Seldom useful 


Blue, yellow. Sometimes greenish-white 
(cuproscheelite). Very long transpor- 
tation distances. 


All shades of white. 
to ore. 


Very useful guide 

Yellow-white. Only short transport. 

Different shades of white. 
ore. 


No guide to 
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is followed by the more detailed studies outlined in Table 3. Very fine- 
grained minerals are most troublesome but, fortunately, only one or two more 
or less easily identified minerals need usually be sought. 

The best means for field determination naturally is examination with 
binocular and petrographic microscopes. Opaque minerals may require 
polishing, which takes longer than other procedures. The old classic criteria 
of streak and hardness are also useful. The streak of tiny grains can be 
determined by rubbing them between two parallel porcelain plates and the 
hardness by rubbing them between polished parallel plates of different hardness. 





RUSSIA 











Fic. 2. Occurrences of scheelite and potential tungsten deposits in northern 
Pakistan and adjoining areas. Open circles indicate scheelite-free samples, solid 
circles indicate scheelite-bearing samples, and heavy lines outline potential tung- 
sten districts. Area A is shown in detail in Fig. 3. Figures 2 and 3 are repro- 
duced by permission of Zeit. f. Erzbergbau und Metallhiittenwesen, No. 5, 1960, 
p. 230, Stuttgart. 


Examination by Ultraviolet Light—The fastest test of heavy mineral 
concentrates is examination under ultraviolet light. The author prefers 
for this the model M-12 of Ultra-Violet Products, Inc., San Gabriel, Calif., 
which is light and sturdy enough to survive field use. Another useful type 
is a field lamp made by the Detectron Corp., Hollywood, Calif. Sometimes 
it is useful to use both short and long wave length lamps. The Russians 
claim that some 800 minerals will fluoresce under X-rays, ultra-violet light, 
etc. The author found that about a hundred minerals sometimes fluoresce 
under short-wave ultra-violet light, but very few are of interest for the 
prospector. Some of these are given in Table 4. 





1256 GUNTER ZESCHKE 


Examination with Geiger Counter—Every heavy mineral concentrate 
should be tested with a geiger or scintillation counter. If the radioactivity 
is higher than background, monazite is probably present. This mineral is very 
common but is no guide to ore as it is in only a few types of ore deposits 
and also it is disseminated in many acidic igneous and sedimentary rocks. 
Uraninite has been found in river sands in a few places. It can be a useful 
guide to gold-uranium-cobalt and arsenic-bismuth deposits. Only a few 
other uranium minerals and thorium-oxide minerals are transported over 
larger distances in river beds. 

















Fic, 3. Distribution of scheelite in the Mansehra-Domel area. Open circles 
indicate scheelite-free samples, solid circles indicate scheelite-bearing samples, 
and heavy black lines indicate the source areas for scheelite. 


SOME PRACTICAL EXAMPLES 


Panning of alluvium is the easiest way to prospect for tungsten and has 
given the best results. The only minerals of importance, wolframite and 
scheelite, are very easy to recognize. Even the tiniest grains of scheelite 
are readily recognized under ultra-violet light because the mineral always 
fluoresces strongly with a pure white, bluish-white, or yellow color. It 
also is carried a long way by streams, as in Pakistan, where it was carried 
by the Indus for over 1,000 miles. Figure 2 shows the results of heavy 
mineral prospecting for tungsten in a large area. The only favorable area 
outlined on Figure 2 that was prospected in more detail is the one marked A. 
The results of the detailed work are shown in Figure 3. It is clear from 


Figure 2 that there are other promising areas. In other countries we 





PROSPECTING FOR ORE DEPOSITS 1257 


found that scheelite had been spread over a very wide area by glaciers and 
was in the soil practically everywhere, so the heavy mineral prospecting 
method was unsatisfactory. The primary deposits may have been completely 
eroded. 

Scheelite can be a guide to deposits of other metals than tungsten as it 
was found in a chalcopyrite deposit that was an economic copper deposit 
from which tungsten could not be an economic by-product. 

The author’s work in Pakistan showed that detrital uraninite could be 
used for prospecting for deposits of uranium and other materials and gave 
scientific results but it could not be carried to completion by discovering the 
primary source because of political borders and tribal affairs. 

Hydrozincite is another very useful mineral in prospecting rivers. It is 
very common in most hydrothermal deposits, as, for example, in most fluorite 
veins, in galena-sphalerite deposits, in iron deposits, and in copper deposits. 
Hydrozincite is very easy to identify by its fluorescence and reaction with 
hydrochloric acid. In Spain the author found siderite deposits by following 
hydrozincite in panned concentrates of river sands. He also found hydro- 
zincite in all the fluorite deposits he tested in Asia and Europe. 


CONCLUSION 


The author knows that his method is useful for detecting only a few 
minerals, but these minerals can be guides to ore deposits of many different 
types. This work was started only a few years ago and was successful in 
the discovery of new deposits in several countries. The knowledge of trans- 
portation conditions of economic ore minerals in streams is very backward 
but we hope that a better and faster way may be devised from it for the 
exploration of large unknown areas in the world. 

The author is happy to express his gratitude to Mr. W. R. Griffitts, of 
the U. S. Geological Survey for promoting this paper and for his kind help 
in correcting the English of the author. 


BERLINGEN, SWITZERLAND, 
Vay 12, 1961 
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TERTIARY CHANNEL GOLD DEPOSITS AT TIPUANI, BOLIVIA 
W. C. STOLL 


TIPUANI is in Las Yungas of Bolivia, in the Amazon drainage and in the 
deeply incised eastern piedmont of the Cordillera Real, about 100 km north 
of La Paz. The writer visited some of the gold deposits there during 
October 1947. Tipuani is reached by plane from La Paz in half an hour. 
The only alternative route is by trail from Sorata, northwest of La Paz. 
The village of Tipuani is on the right bank of the river of the same name, 
at 555 m above sea level. The drift mines known as Tujujahuira, Liratini 
and Unutuluni are some 10 km upstream and several hundred meters higher. 
An enormous difference of altitude exists between this region and the eastern 
Andean peaks, 5,000 to 6,000 m above sea level, only some 65 km to the 
west. The Tipuani river has its origin in the Cordillera Real, whence it 
flows east-northeastward past Tipuani to join the Kaka river at Guanay. 
This in turn joins the northward-flowing Beni, one of the main affluents 
of the Madeira. 

The Tipuani alluvials have been described by Wedell (1), Corning (2), 
Agle (3), Ballivian and Zarco (4), Frochot (5), MacLaren (6), Wood- 
bridge (7), Stines (8) and Ahlfeld (9, 10). The works of Frochot, Mac- 
Laren, Woodbridge and Ahlfeld were consulted in connection with the 
present study. 

All the eastward-flowing streams heading in the Cordillera Real—the 
Mapiri, Kaka, Tipuani, Challana, Zongo and Coroico—are auriferous. R. 
Canedo Reyes, cited by Ahlfeld (9, pp. 244-245) has proposed the following 
types of gold-bearing placers in the piedmont of the Cordillera Real: 1) the 
Tertiary conglomerate, or “cangalli’” deposits, with which the present report 
is concerned, 2) fluvioglacial deposits, in a NW-SE belt as much as 70 
km long and 25 km wide, resting in part on cangalli, 3) interglacial terraces 
of consolidated conglomerate, related to the present hydrographic system 
and resting on cangalli as well as on the Paleozoic bedrocks, 4) recent ter- 
races along the present streams, and 5) recent river flood plain deposits, 
including the stream beds as well as the playa or beach deposits on either side 
of the river channels. All types have been worked at one time or other. 

The Tipuani deposits have been important gold producers since remote 
times. The chief production has come from the present river beds and 
the playas. Frochot (pp. 172-181) reviews the eventful history of the 
mines, which is interesting enough to be repeated here in briefer form. 
The placers worked by the earliest inhabitants of the region, before the 
definitive conquest of Bolivia in 1548, extended from the Ancoma to the 
Yani river, on both banks. The workings were made with rude tools of 
stone, wood and copper. Veins were mined underground; vestiges of these 
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workings and stones used for grinding ore have been discovered. The 
Indians, after the Conquest, concealed the workings from the Spaniards, 
who did not suspect their existence until 1562, when explorations on the 
east side of the Andes were begun and the old mines were rediscovered. 
Work began again on the surface deposits in 1566, especially at the “Roman 
playa” on the Tipuani river, about 20 km upstream from the village of 
Tipuani. Here, according to tradition, an enormous quantity of gold was 
mined from an area of some 5 hectares, where pre-Conquest artifacts as 
well as Spanish silver coins of the epoch of Carlos V have been unearthed 
(7, p. 89). The use of iron tools and gunpowder for mining was inaugurated 
about 1571. A gold rush of Spanish miners and speculators began in 1602 
and shortly assumed such importance as to bring about official intervention 
in order to facilitate the working and afford protection. A system of forced 
labor, using indigenous people as a kind of slaves, designated as mitayos, 
was instituted. Prompted by manifestations of discontent among these 
workers, a society of Spanish and Portuguese mine owners imported negro 
slaves from Brazil into the gold fields in 1620. The new system was highly 
successful, and large fortunes were made until 1760, when work was sus- 
pended for some time owing to disagreements among the members of the 
society. It was resumed with remarkable success by recent Spanish. immi- 
grants named Rodriguez. In 1780 there occurred the revolt of the mitayos, 
with its accompaniments of plunder, burning and massacre, which was gen- 
eral in the regions extending from Cuzco to Tucuman. With this event 
the era of more than two centuries of gold mining prosperity in La Paz 
and Sorata came to an end. But by 1826 work had been resumed, new 
deposits found and new fortunes were being amassed. In that year a London 
company made an unsuccessful attempt to work the deposits on a large 
scale. Ildefonse Villamil Blanco, one of the most famous miners of Tipuani, 
studied the region and acquired mines with a view to large-scale working. 
This was begun in 1847 and attained great results until his death 20 years 
later. Thereafter, production declined notably, in spite of an attempt at 
large operations by a German concern. Villamil estimated the gold pro- 
duction at 150,776 ounces between 1818 and 1867. Woodbridge (7) 
records that a New Orleans group, interested especially in the playa de- 
posits along the Tipuani river, attempted mechanical mining commencing 
in 1915. Mining at Tipuani has always been gravely handicapped by the 
remoteness and the topographic obstacles of the region, by the scarcity of 
miners, political upheavals and, not least, by the seasonal nature of the water 
supply, which used to enforce a suspension of work during 4 or 5 months 
every year. 

From 1935 to 1952 the placers of the Tipuani, Challana and Kaka rivers 
were owned by the Compagnie Aramayo de Mines en Bolivie. They ex- 
plored the Challana and Teoponte river flats below the village of Guanay 
and established a reserve of from 9 to 10 million cubic meters of gravel 
with an average tenor of one gram per cubic meter. Plans for dredging 
were frustrated by the second World War and the ensuing unfavorable con- 
ditions. Only the drift mines were worked. From 1942 to 1950 the com- 
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pany produced 2,800 kilograms of gold from them, but perhaps an additional 
quantity of around 1,400 kilograms was taken by the miners. The gold-bear- 
ing ground, found at and near the bottom of a deep, conglomerate-filled Terti- 
ary valley, was mined in drifts run from inclined and vertical shafts. The 
workings had to be heavily timbered. Pavement breakers, with little explosive, 
were used underground to disaggregate the conglomerate, and the gold was 
recovered in a surface plant by screening and gravity concentration. About 
$1,000,000 in gold was recovered for each kilometer of channel mined. 
The operation was unprofitable. After the revolution of 1952 the mines 
were confiscated by the Bolivian government. 

The course of the ancient river channel in which the gold occurs is 
marked by a belt, commonly 500 to 2,500 m wide, of cemented conglomerate, 
or cangalli, which rests on folded Devonian shale. The cangalli belt traverses 
the hills on one side or other of the Tipuani river, but is far from coinciding 
with the modern stream channel. The belt can be traced uninterruptedly 
from Tipuani southwestward up the river valley 12 km, to a point 2 km 
southwest of the Unutuluni mine. Beyond, it reportedly extends several 
kilometers farther as isolated patches. Evidently the old cangalli surface 
is here intersected and bevelled by the present erosion surface. Down- 
stream from Tipuani the conglomerate belt has been traced many kilometers. 

Setween Tipuani and Unutuluni a number of shafts were sunk by the 
Aramayo company in cangalli to bedrock. In some it was not certain 
whether the main channel or a subsidiary channel had been found. Figure 
1 shows in profile the apparent relation of the base of the cangalli to the bed 
of the present Tipuani river over a stretch of 10 km between the mines (to 
the southwest) and Tipuani (to the northeast). Near the mines the two 
gradients are nearly parallel. Farther downstream the ancient channel 
either steepens or is faulted down. The gradients intersect and, near Tipuani, 
the ancient channel lies more than 200 m below the level of the river. No 
faults are shown on the profile but it is probable that faulting accounts for 
some of the steepness of the cangalli and for its submergence and angular 
divergence with the present stream gradient. Ahlfeld (9, 10) indicates that 
the old conglomerate has been severely faulted as a graben. 

The cangalli is composed of subangular to rounded cobbles and boulders 
of slate, granite and quartzite, with a great deal of finer clastic material, all 
cemented by iron oxide, which imparts a reddish color to the whole. Some 
of the granite and quartzite boulders are notably rounded. The pay streaks 
contain well-washed gravel and many massive quarzite boulders together 
with concentrations of gold, cassiterite, hematite, magnetite, garnet and 
apatite. Much of the gold is flat and coarse, of the size and shape of oatmeal. 
Its fineness ranges from 915 to 960, with an average of 920. Some of the 
cassiterite and hematite forms smooth, flat pebbles. The pay streaks mined 
by the Aramayo Company were about a meter thick and contained 20 grams 
gold per cubic meter on the average. 

At the base of the cangalli, the gold lies mostly close to bedrock on the 
bottom of the main and side channels and on rock benches. The pay streaks 
contain rich pockets in small bedrock depressions from which as much as 125 
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kilograms of coarse gold have been recovered from as little as 8 cubic meters 
of gravel. Higher paystreaks, enclosed entirely in cangalli, have long been 
known to exist and were worked in the early days (5), but were unim- 
portant as gold producers during the most recent period of exploitation. 
Figure 2 shows the outcrops of cangalli in the area where mining was carried 
on in 1947, as well as generalized contours on the bottom of the channel 
and the relation of the channel to the present drainage. Figure 3 shows 
in more detail the paystreaks and bedrock contours of the largest, Tuju- 
jahuira, mine. An upper and a lower pay channel, with a difference in 
altitude of about 15 m, were worked. In the lower one, two pay streaks 
were found, each in a southeast-trending stretch of channel. Where the 
channel runs northeast, crossing the strike of the shale beds, it is narrow 
and poor. The higher channel crosses the lower at one place and then 
follows it along the south side, either as a rock bench or as a distinct parallel 
channel separated from the lower one by rock islands. A couple of small 
sidestreams seem to come in from the south. The upper channel, with its 
pay streaks, is older than the lower channel; their divergence shows a 
slight shift in the coarse of the stream during down-cutting. On the other 
hand, the pay streak in the upper channel is not limited to bedrock, but rather 
it continues across the cangalli filling where the lower channel crosses the 
upper. In other places the high pay streaks overlap the lower ones. 

The buried topography and the character of the sediments indicate first, 
the cutting of a steep-sided valley by a youthful stream swift enough to 
scour all but the heaviest sediments from the stream bed. Thin, rich gulch 
and bench placers were formed. These were subsequently buried by surges 
of torrential, poorly sorted sediments laid down under conditions of stream 
overload, probably concurrently with a movement of uplift in the Cordillera. 
The overlap of the upper over the lower pay streaks may possibly be ac- 
counted for upon the hypothesis that, while the valley was being agraded, 
and while the level of accumulating sediments coincided with that of the 
upper channel, torrential flow brought about a local redistribution of some 
of the gold, leaving it deposited on cangalli. 

Small faults cut both cangalli and shale in the mines. 

The cangalli channel evidently belongs to a different river system than 
the present one. The coarse gold and associated cassiterite and hematite 
pebbles and quartzite boulders attest an originally steep gradient. This gradi- 
ent was evidently further steepened by faulting as well as by tilting concurrent 
with an episode of Andean uplift. Faulting of the cangalli as well as its 
overlap by Pleistocene deposits indicate its age as Tertiary. Ahlfeld (10, 
p. 341) relates the cangalli to Neo-Pliocene piedmont gravels known as the 
Taraco conglomerates. The existence of gold-quartz veins in the Tipuani 
region and of gold nuggets with small pieces of adhering quartz found in the 
underground mines suggest that the source of some of the Tipuani gold may 
be rather near. Contrarily, the wide distribution of gold in the whole 
piedmont region and the occurrence of cassiterite pebbles and of boulders 
of granite and metamorphic rocks in the conglomerate signify that the batho- 


is 
lithic zone of the Cordillera Real is the origin of much of the Tertiary alluvial 
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material. The high-temperature gold and tin deposits around the Tipuani 
Valley and Sorata batholiths, at Yani and Polo Sur, in the headwaters of 
the present Tipuani river, are the most likely sources of these metals in 
the cangalli (11). 


The writer thanks the Compagnie Aramayo de Mines en Bolivie for 


permission to publish this information. Mr. Fred Gerbracht, for many 
years manager of the Tipuani operations, has kindly reviewed the manuscript 
and suggested a number of worthwhile changes and additions. 
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THE LEAD, COPPER, ZINC, AND MOLYBDENUM CONTENT OF 
SOME LIMESTONES AND RELATED ROCKS 
IN SOUTHERN ONTARIO 


HARRY V. WARREN AND ROBERT E, DELAVAULT 


ABSTRACT 

Various facies of sedimentary rocks have characteristic assemblages of 
trace elements. These characteristic assemblages may be useful, not only 
in assisting in the correlation of some specific geological horizons, but also 
in determining the trace element content of the soils built from these 
horizons. No longer can it be considered prudent to think of adding any 
limestone merely to improve the pH, the structure, and the calcium content 
of a particular soil: the trace element content of a limestone involved in 
making soil, may be a vital factor in determining the quality of that soil, 
whether that soil be used for agriculture, or for forestry. In some in- 
stances human health may be involved. 


INTRODUCTION 


DuRING recent geochemical work, the authors investigated the lead content 
of various rocks, and soils derived from these rocks. Our prime interest was 
to develop prospecting techniques. By a chain of fortuitous circumstances 
our researches became linked to some problems involving a possible relation- 
ship between lead and the epidemiology of some diseases, notably multiple 
sclerosis, cancer, and coronary thrombosis. 

A large amount of Ontario’s agricultural land is underlain by carbonate 
and related rock. The Ontario Department of Mines prepared an excellent 
report on the limestone industries of Ontario (1). Most graciously, and co- 
operatively, Hewitt provided us with 112 samples that could be considered 
representative of many of the more important formations and occurrences of 
these carbonate and related rocks in Southern Ontario. 

3eing fortunate enough to have valuable samples, it seemed wise to 
analyze them not only for lead, but also for copper, zinc, and molybdenum. 
Our analyses were not for total metal, nor for the readily extractable metal, 
this latter usually being of particular interest to agriculturists, but for aqua 
regia extractable metal obtained after turning the bulk of each sample into 
nitrates. After our analyses were completed, Hewitt helped us tabulate 
our results, by revealing to us the source of the various samples, information 


that had previously been unknown to us, the samples heretofore having 


merely been numbers, as far as we were concerned. 
The results that follow speak for themselves. All elements are reported 
in parts per million (ppm). 
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SOUTHERN ONTARIO 
INDICATING SIGNIFICANT GEOLOGICAL FORMATIONS, 
SAMPLE SITES, AND LEAD ANOMALOUS SAMPLES 
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DETAILED RESULTS 


A” Devonian System.—Four samples of the Bois Blanc formation of 
Middle Devonian Age were analyzed. The results are given in Table 1. 

“B” Silurian System.—Sixteen samples came from Upper Silurian, 
Bertie Akron beds, and thirteen from Middle Silurian, Lockport beds. 

The rocks of the Bertie Akron, as described by Hewitt, fell into four dis- 
tinct groups: (a) Light Buff and Laminated Dolomite. (b) Massive 
Mottled Buff Dolomite. (c) Shaly Dolomite. (d) Brown Massive Dolomite. 

As will be seen by examining Table 2, the shaly dolomite samples differ 
markedly from all the other Bertie Akron specimens, which resemble one 
another closely. 

It will be noted that the shaly dolomite facies of the Bertie Akron carries 
six times more lead, and appreciably higher molybdenum and zinc, than the 
other rocks of this formation. 


The samples from the Lockport are placed in four groupings by Hewitt, 
the first of which, the Amabel formation, resembles the “normal” Bertie 
Akron much more closely than it does the other groups of the Lockport, in 
so far as trace elements are concerned. 


Excepting the Amabel formation, the remaining Lockport samples are 
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significantly higher in zinc and lead, but remain normal in copper and 
molybdenum. 

“C” Ordovician System—Middle Ordovician samples—eleven from the 
Trenton formation, and fifty-five from the Black River—made up nearly sixty 
percent of all our samples and were characterized by a comparatively uniform 


TABIE 1 BOIS BLANC 
Hewitt's Sample No, PR. 


Niagara Crushed Stone us 


SOURCE 


R.E.Law Quarry 60 
61 
62 0 t 22 ol 


Total - 12.4 5 672 «<2ek 


Average 3 18 <6 (7) 


TABIE #2 BERTIE AKRON 





(a) Light Buff and Laminated Dolamite. 





Source Hewitt 's le No, Pb. Cu. Zn. 
Haldimand Quarries and ‘ 3 S 
Construction Ltd. b 


Cayuga Quarries Ltd, 
Dunnville Quarries Ltd. 


Average 


Massive Mottled Buff Dolomite. 





Cayuga Quarries 48 1.5 8 
Dunville Quarries 58 2 
R.E,Law Quarry 63 3 


Niagara Crushed Stone Lb 


5 

3 

6 
r; 


10.5 


3 6 


Haldimand Quarries 


Cayuga Quarries 
Dunnville Quarries 57 


R,E.Law Quarry 6u 
Total 92 


Average 18 


Massive Dolomite 





Cayuga Quarries 


R.E.Law Quarry 
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TABLE #3 LOCKPORT 
(a) Anabel Formation. 


Source Hewitt's Sample No, Pb Cu 


Georgetown Quarries 
Armstrong Bros. 
Industrial Sand end 
jravel, Georgetown 
Nelson Crushed Stone 


Total 
Average 
(>) Eramosa Member 


A. Cope and Sons 


Armstrong Bros. Limited 73 
Vinemount QUARRIES ( - 
feted 2 1301 
Average é 325 
(ce) Goat Island Dolomite 


Arnstrong Brothers Limited (71 
Vinemount Quarries ( 


(7 
(70 


Total 
Average 
(4) Gasport 0 
Vineland Quarries and Crushed( 69 
Stone Limited : 
( 68 


Total 


Average 
TABLE #4 


(a) Trenton Samples. 
Source Hewitt's le No. 





(1) Upper Trenton (Upper H7l lowell Member) 


lake Ontario Portland 
Cement Company ( 2 5 
( 
(43 5 
(11) Lower Trenton (No. 77 includes some Middle Trenton) 


eS 
9 
10 


Kirkland Crushed Stone Limited ( 77 5 
(76 


D. Grandmaitre Limited 1 > «6 coh 

(Hull Beds) 2 105 <oh 
1 
<ok 


< ol 
Total 
Average for all Trenton Samples - hi au (2) 


Milltowm Quarry 


trace element content. 


In not one sample is the molybdenum more than 1 
ppm, and in only nine is the lead more than 5 ppm. The lead content for the 
sixty samples averages only 4 ppm. 
all our analyses of Middle Ordovician rocks 


Table No. 4 presents in summary form 
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_ Unfortunately, only thirteen Lower Ordovician samples were available 
for analysis, ten from the Oxford formation, and three from the Marsh 
formation, both formations being of Beekmantown Age. However, as can 
be seen in Table 5, the Oxford formation is, of all those examined by us 


TABIE #4 


(b) Black River Sampies 
Source Hewitt 's Sample No, Pb. 
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much higher in molybdenum than any other, and exceeded in lead only by 
some divisions of the Lockport and the Bertie Akron. 

Summarizing the figures given in Table 6 we can say (1) The Lockport, 
excluding the Amabel, has a far higher lead and zine content than any other 


formation. (2) The Oxford formation of the Beekmantown, and the shaly 
dolomite member of the Bertie Akron, contain upwards of four times the 
amount of molybdenum and lead normally contained in those rocks which we 
have analyzed. (3) The Beekmantown carries somewhat more copper than 
is normal. 


SIGNIFICANCE OF RESULTS 


The results reported above, suggest that, in some areas where fossils are 
lacking, or provide inconclusive evidence, trace elements may be of use in 
attempting to correlate some horizons or facies of a formation. 

Furthermore, limestone is widely used to add calcium, and to improve 
pH and soil structure. Because trace elements play an important role in the 
productive quality of soils, it would seem to be prudent to examine the trace 
element content of a limestone before using it for agricultural purposes. 
Hewitt sent us some agricultural lime, after receiving our initial results. 
These samples ran 45 ppm in lead: hardly a desirable content for material 
to be put on agricultural land. Two samples of oats from a soil suspected of 
containing abnormally high amounts of lead were analyzed: these samples, 
when oven dried, ran 3 and 4 ppm of lead respectively, or from 3 to 10 times 
what appears to be considered usual for this cereal. 
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Total 


Average 


Marsh Formati 


tal 
Average 


TABLE #6 














The accompanying map indicates the source of the various samples dis- 
cussed in the report, and indicate clearly where further work may be under- 


taken profitably. 
*It is possible that some of what we have reported as molybdenum may be tungsten. In 
order to shorten our analytical methods we report tungsten and molybdenum together, relying 


on geological evidence to guide the interpretation of results. In this instance we have assumed 


that we were dealing with molybdenum. 
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Phase relations in the system Ni-As were determined in rigid silica 
glass tubes, in collapsible gold tubes, and by differential thermal analyses. 
The system includes the well established minerals maucherite (NiAss), 
niccolite (Ni+zAs), and NiAs. polymorphs rammelsbergite and para- 


rammelsbergite. 


A phase with the composition of Ni;As (dienerite) could not be syn- 
thesized, and if this phase exists it must be stable only below 200° C. 


1 Part of a dissertation presented to the faculty of the University of [Illinois in candidacy 


for the degree of Doctor of Philosophy 
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Ni;-eAs, is stable to approximately 993° C and has a large variation in its 
Ni/As ratio. Maucherite, which is essentially restricted to NinAss com- 
position, melts incongruently at 830° + 5° C to niccolite plus a liquid. 
Che existence of a metastable form of NiuAss appears to be likely. 

Niccolite, which is stable to 962° + 3° C, also has a large variation 
in its Ni/As ratio. The niccolite solvus between NiAs and NiAs; is not 
useful as a geothermometer, however, since it is nearly vertical in the 
temperature range of geologic interest. The pararammelsbergite-ram- 
melsbergite inversion was found to occur at 590° C under the vapor 
pressure of the assemblage when pure NiAs; is in equilibrium with nicco- 
lite. The inversion temperature is raised 22° C/1,000 bars, giving a 4H 
of 0.57 Kceal/mole at 590° C. When pure NiAs; is in equilibrium with 
metallic arsenic instead of niccolite, the inversion temperature is approxi- 
mately 8° C higher. Investigation of the inversion temperatures of nat- 
ural specimens of rammelsbergite and pararammelsbergite shows that solid 
solution of elements such as Fe, Co, and S may lower the inversion 
by more than 100° C. 


INTRODUCTION 


THE nickel arsenide minerals, although not abundant, do have a wide geo- 
graphical distribution and include the well established minerals maucherite 
(Ni,,As,), niccolite (NiAs), and the NiAs, polymorphs rammelsbergite and 
pararammelsbergite. These minerals together with native arsenic charac- 
teristically occur in the nickel-cobalt-native silver deposits (2) which are 
exemplified by the Ergebirge of Germany, and the Great Bear Lake and 
Cobalt-South Lorraine districts of Canada. 

The equilibrium-phase relations in the synthetic system Ni-As are useful 
for interpreting mineral associations, textures, and fine-structures found 
in natural assemblages. Knowledge of the stability ranges of mineral and 
mineral assemblages, and of the changes in the composition of coexisting 
phases, is of fundamental importance in determining the physical-chemical 
conditions (total and partial pressures, temperature, etc.) at the time of 
mineral formation. In this paper the phase relations in the synthetic system 
Ni-As are considered in both T-X and P-T projections of P-T-X space, and 
the application of these data to natural assemblages is considered. 

The following abbreviations (5) are used in figures and tables: ma = 
maucherite, nc = niccolite, rm = rammelsbergite, prm = pararammelsbergite, 
L liquid, and V vapor. 


DESCRIPTION OF THE PHASES 
“Ni, As” 


A mineral with the composition Ni,As was described by Hackl (12) in 


1921 from Radstadt, Salsbury, Austria, and the name dienerite was proposed 


by Doelter (7). The synthesis of the compound Ni,As was reported by 
Descamps (6) in 1878; later investigators, however, have found no indication 
of a phase of this composition. 





PHASE RELATIONS IN THE SYSTEM Ni-As 


Ni,_2As, 


Heyding and Calvert (16) gave 33.8 (Ni,As,) and 35.6 (Ni,,.As,) 
weight percent arsenic as the compositional limits of Ni,.,As, at 800° C, 
in good agreement with the values reported by Friedrich and Benningson 
(9). Crystallographic data for this phase, as well as the other nickel ar- 
senides, are given in Table 1. The formula Ni,.As, was used by Heyding 
and Calvert (16) to represent the variable composition of this phase. They 
did not establish that the solid solution is actually the result of nickel de- 
ficiency ; therefore, Ni,_,As, should only be used as a chemical formula, and 
it may or may not be the correct structural formula. 


Metastable Form of Ni;_.As, 


In the compositional interval from 34.8 (Ni,,,As,) to 35.6 (Ni,,.As,) 
weight percent arsenic, Heyding and Calvert (16) observed that the room- 
temperature diffraction pattern was dependent on the thermal history of the 
sample. Rapid cooling apparently produced a metastable phase, and the 
structural change was interpreted as a diffusionless (martensitic) transforma- 
tion. Diffraction patterns taken in a high-temperature X-ray camera did 
not contain reflections of this metastable phase. 


“Ni,As” 


In slightly more arsenic-rich compositions (> 35.6 weight percent ar- 
senic), Heyding and Calvert (16) report another phase to be stable below 
approximately 200° C. The composition of this phase, which they desig- 


nated y, probably lies close to Ni,As, although the exact composition and 
stability range of this phase was not determined. Crystallographic data for 
this low-temperature phase are not available. 


A mineral of approximately 
Ni,As composition was recently reported by Caillére, Avias, and Falgueirettes 
(4). 


Ni,,As, 


Laves (21) examined single crystals of maucherite and synthetic “Ni,As,” 
and found that both have a tetragonal cell with a = 3.46 A, c = 21.74 A? 
Diffuse reflections were observed, however, which required the a dimension 
1 be doubled.* Peacock (25) confirmed the pseudocell of maucherite, to 
which he assigned the space group /4/amd, and gave cell dimensions and 
possible space groups for the true cell as listed in Table 1. Jagodzinski 
and Laves (19) are in agreement with the possible space groups for the true 
cell, but have shown that Peacock’s space group for the pseudocell is incor- 
rect. From maucherite analyses, Peacock (25) concluded that the correct 
formula is probably Ni,,As, rather than Ni,As.,. 


2 Cell dimensions originally given in kX units (1.00202 kX = 1 A). 


} For the remainder of this discussion the larger cell will be considered the true cell as 
opposed to the smaller or pseudocell 
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“Cell dimensions from references 25 and 26 have been converted to A (1.002034 kX = 1 4). 
Trot the original orientation; orientation has been changed to agree with the recommendation of Buerger (3). 
Peacock (25) also reported that reflections from the true cell were not 
observed on X-ray powder diffraction patterns; Heyding and Calvert (16), 
however, have conclusively shown that the indexing of three reflections in the 
powder pattern does require the true cell. These reflections were undoubtedly 
indexed by Peacock as pseudocell reflections due to Cu K® radiation. The 
cell dimensions of Ni,,As, determined in the present study are essentially 
identical with the values given by Heyding and Calvert (16) (see Table 1). 
Peacock (25), Jagodzinski and Laves (19), and Heyding and Calvert (16) 
have discussed the possibility of an order-disorder relation in maucherite. 


Heyding and Calvert (16) report that synthetic niccolite has a composi- 
tional range from NiAs to Ni,,,As at 700° C. They did not determine the 
compositional limits at other temperatures. The cell dimensions of syn- 
thetic niccolite determined in this study agree closely with the values re- 
ported by Heyding and Calvert (16) (Table 1). 


Hewitt (15) observed the dissociation of niccolite to maucherite plus a 
vapor in closed tubes as low as 450° C, but confused the phenomenon of 
dissociation with incongruent melting, which explains his suggestion of the 
incongruent melting of niccolite to maucherite plus a vapor. 
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NiAs, 


Holmes (18) was successful in synthesizing both polymorphs of NiAs,: 
pararammelsbergite from 350° to 400° C, and rammelsbergite from 400 
to 1050° C. He presents conflicting data, however, concerning the kinetics 
of the inversion of rammelsbergite to pararammelsbergite. It appears that 
some pararammelsbergite formed if rammelsbergite was not rapidly chilled 
to room temperature, although the inversion was not complete even after 
heating rammelsbergite slightly below 400° C for 4 months. Heyding and 
Calvert (17) report the partial inversion of synthetic rammelsbergite to 
pararammelsbergite at 450° C in 6 weeks and the rapid transformation of 
synthetic pararammelsbergite to rammelsbergite at 600° C. 

Roseboom (29) reports that the composition of rammelsbergite is within 
the limits of NiAs, o6+9.002 and NiAs, 999+0.001. He found that the cell size 
of rammelsbergite was the same regardless of whether it was formed in 
equilibrium with NiAs or excess arsenic. Cell dimensions from the literature 
for both natural and synthetic rammelsbergite are compared in Table 1 with 
the values determined in the present study. 

Holmes (18), Roseboom (29), and Heyding and Calvert (17) were 
unable to synthesize the alleged isometric diarsenide of nickel (chloanthite) 
or a pure nickel skutterudite ( NiAs, ). 


MATERIALS, EQUIPMENT, AND TECHNIQUES 


Materials 


Powdered nickel was used that consisted of 99.97* percent nickel after 
reduction in hydrogen at 600° C for 1 hour. The principal impurities in 
weight percent are: 0.01 each of carbon and iron, and 0.001 each of sulfur, 
cobalt, and copper. Arsenic with less than 0.001 percent impurity was 


obtained from the American Smelting and Refining Company (lot No. 
P6593 ) 


Experimental Methods 


Two basic types of experiments were performed, one utilizing rigid silica- 
glass tubes and the other collapsible gold tubes as containers for the reactants. 
A vapor phase was always present in silica-glass tube experiments. The 
vapor volume of a silica tube was reduced by inserting a close-fitting glass 
rod above the charge, and the vapor pressure probably did not exceed 2-3 
bars for bulk compositions of less than 70 weight percent arsenic when heated 
at temperatures up to approximately 800° C. Therefore, the total com- 
position of the condensed phases did not differ measurably from the bulk 
composition except in the arsenic-rich portions of the system, where high 
vapor pressures caused a measurable amount of arsenic to be lost in the 
vapor phase. In such cases the condensed phase was corrected for loss of 
arsenic to the vapor by weighing the arsenic that condensed on the tube wall 
during the quench. Specially constructed silica-glass tubes (20) were also 
used as containers for samples studied by differential thermal analysis. 
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Fic. 1. T-X diagram of the “condensed” system Ni-As. Dashed lines represent 


earlier work or relations which were not accurately determined. 


In gold-tube experiments a vapor phase does not exist, provided the 


confining pressure is greater than the vapor pressure. A’ “cold-seal” type 
apparatus (34) with water as the pressure medium was used to heat the gold 
tubes under confining pressures up to 2,000 bars. Gold arsenides are not 
stable above 120°-130° C at atmospheric pressure (10), and gold arsenides 
were not observed in pressure experiments at 300° C. However, some ar- 
senic was lost from the charge by diffusion through the gold tubes (see 
discussion in a later section). 


The temperature in silica-glass tubes was controlled to within + 1° or 

5° C, depending on the requirement of the experiment. The temperatures 
of “cold-seal” pressure experiments were controlled to within + 2° C, and 
the confining pressures are correct within + 20 bars above 700 bars. Silica- 
glass tubes were quenched to approximately 25° C in 3-5 
gold tubes, to below 100° C in 2 or 3 minutes. 


seconds; the 


Identification of the Phases 


Standard X-ray and optical techniques were used to identify the phases. 
When an accurate measurement of a particular reflection was desired, eight 
oscillations were made with a Norelco diffractometer using either silicon 
(a= 5.4306 A) or CaF, (a= 5.4626 A) as an internal standard. The 
standard deviation and standard error of the mean of the eight oscillations 
were calculated, the latter value representing the precision of the measure- 
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ment.‘ The measurements of the d values are reproducible within this 
stated limit, and solid solution effects of a very small magnitude can be 
recognized by changes in d values. 


T-X RELATIONS IN THE SYSTEM Ni-As 


The equilibrium-phase relations in the system Ni-As are shown in the 
T-X diagram of Figure 1. This diagram depicts the relations in the so-called 
“condensed” system ° as determined by silica-glass tube experiments. The 
dashed lines in Figure 1 represent relations that were not accurately deter- 
mined in this investigation. In addition, the following data have been taken 
from the literature: (a) the melting point of nickel at 1453° C (13), (b) 


TABLE 2 
SUBSOLIDUS EXPERIMENTS IN SILICA-GLASS TUBES 
Less than 50 weight percent As* 
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*Starting materials were nickel plus arsenic unless otherwise stated. 
. 
Tstandard error of the mean of 4115 is 0.0005 A; of doo and do2g, 0.0002 A, 
Fp: equals metastable form of Nis_,As--same notation as Heyding and Calvert (16). 


Snot necessarily equilibrium assemblages. 


4 The standard error of the mean is a measure of the precision, i.e., the reproducibility 
of a measurement, and does not represent the accuracy of an interplanar spacing or cell 
dimension. 

5 The term “condensed” refers to a system in which only the condensed phases are con 
sidered ; the composition and pressure of the vapor are not shown on a “condensed” diagram 
(28) 
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the solubility of arsenic in. nickel as a function of temperature (9), and (c) the 
triple point of arsenic at 814° C and approximately 36 atmospheres (32). 


Subsolidus Relations 


Experiments pertaining to the composition and variation in composition 
of the nickel arsenides with less than 50 weight percent arsenic are given 
in Table 2. 

“Ni,As.”’—Bulk compositions of Ni,As (29.85 weight percent As) were 
heated at 800° and 300° C, and the condensed phases in both instances were 


) 


nickel and Ni,As,. There was no change in the phases after heating at 
200° C for an additional 36 days. Reaction rates in the nickel-rich portion 
of this system are extremely slow at low temperature, thus further experi- 
mentation at lower temperature was not practical. The synthesis of Ni,As 
by Descamps (6) in 1878 has not been substantiated in later studies; and 
since his synthesis was performed before X-ray and optical techniques were 
available, the material which he analyzed may actually have been a mixture 
of nickel and Ni,As, rather than a homogeneous phase of intermediate com- 
position. The only remaining argument for the existence of Ni,As is the 
analysis reported by Hackl (12) in 1921 of a single crystal of natural Ni,As 
(dienerite) from Salsburg, Germany. It is concluded that the phase Ni,As, 
if it exists, is stable only at a very low temperature (< 200° C). 

Ni, »As,.—Several bulk compositions between 33.5 and 36.5 weight per- 
cent As were heated at 800° C, and d,,, of Ni,_,As, in each of these runs 
was measured (Table 2). The following observations and conclusions are 
pertinent to the problems of the extent of solid solution and dependency of 
the room-temperature X-ray diffraction pattern on the composition of this 
phase. (a) There is not a measurable difference in d,,, of stoichiometric 
Ni,As, (33.80 weight percent As) and Ni,As, formed in equilibrium with 
nickel, indicating that the solubility of nickel in this phase does not extend 
beyond Ni,As, composition. (b) The decrease in d,,, is nearly linear be- 
tween stoichiometric Ni,As, and 35.6 weight percent As (Ni,,.As,), but in 
runs that contain more than 35.6 weight percent As the metastable phase 
of Ni,,As, described by Heyding and Calvert (16) forms on rapid cooling. 
The value of d,,, of the metastable phase is larger than that of the stable 
phase of Ni,.As, of the same composition. (c) The optical properties of 
Ni, .As, and maucherite are very similar, and positive identification of a 
trace amount of one when it occurs with the other is difficult. Maucherite 
was believed to be present in the run with a bulk composition of 36.00 weight 
percent As, and it was certainly present in the run of 36.50 weight percent 
As. Therefore, the limit of solid solution is probably at slightly less than 
36.00 weight percent As at 800° C. A study of the limit of solid solution of 
Ni,_.As, as a function of temperature was not made; however, the maximum 
solid solution would be expected at 818° C, the eutectic temperature of Ni,_,As. 
and maucherite. Inasmuch as the modification of Ni,,As, that forms on 
rapid cooling is metastable, it does not appear on the 7-X diagram in Figure 1. 

“Ni,As.”—The occurrence of a new mineral with a composition of ap- 





PHASE RELATIONS IN THE SYSTEM Ni-As 1281 


proximately Ni,As (orcélite) was recently reported by Caillere, Avias, and 
Falgueirettes (4), and the X-ray powder pattern given for this mineral is 
similar to the pattern of the low-temperature phase (y) of approximately 
Ni,As composition reported by Heyding and Calvert (16).° 

Several experiments were performed in attempts to synthesize the com- 
pound Ni,As (Table 2). Mixtures of nickel plus arsenic and Ni,As, plus 
Ni,,As, were heated at 150° and 250° C for 60 days. In the 150° C run 
new lines (in addition to those of Ni,As, and maucherite) appeared in the 
X-ray powder diffraction pattern. This new phase was not observed, how- 
ever, in a polished section of the sample. Only Ni,.,As, and maucherite 
were observed in the X-ray pattern of the 250° C run. Reaction rates are 
extremely slow at these temperatures, and the experiments must be con- 
sidered inconclusive with regard to the existence of a phase between Ni,As, 
and maucherite. If Ni,As is a phase its stability field must be below 250° C 
as was suggested by Heyding and Calvert (16). 

Vaucherite—A series of experiments was performed at 700° and 800 
C to determine if maucherite has a measurable variation in its Ni/As ratio. 
The dy. and d,., values of maucherite in these runs are listed in Table 2. 
Within the limit of error of the measurements there is no difference in d,o, 
and d,., of stoichiometric Ni,,As, and of maucherite formed in equilibrium 
with Ni, ,As, at either 700° or 800° C. This substantiates the conclusion 
(16) that solid solution on the nickel side of Ni,,As, does not exist, or is of 
too small a magnitude to be measured by this method. The d,,, of maucherite 
formed in equilibrium with niccolite at either 700° or 800° C is smaller than 
that of stoichiometric Ni,,As, by about 0.0008 A. Although these differ- 
ences are only twice as large as the standard errors of the mean, they are 
believed to be real and to indicate a very slight variation in the composition 
of maucherite. A run with a bulk composition of 0.46 weight percent more 
arsenic than stoichiometric Ni,,As, contained approximately 2 percent nicco- 
lite at 800° C; consequently, any compositional variation in maucherite is 
less than 0.2 weight percent As. 

Reflections in addition to those reported by Heyding and Calvert (16) 
were observed in X-ray powder diffraction patterns of synthetic maucherite 
rapidly cooled from above 700° C. These “additional” reflections have been 
assigned indices by comparison of their calculated and measured d values. 
A complete list of the reflections recorded on the powder pattern between 
0° and 62° 26 (Cu radiation) is given in Table 3. A unique space group, 
P42,c, can be determined from the reflections and systematic extinctions in 


Table 3. However, if only the reflections observed when maucherite is syn- 
thesized below 700° C are considered (those not followed by an obelisk in 
Table 3), then the space group is either P4,2, or P4,2,, which is in agree- 
ment with Peacock (25). Because the number of possible reflections from 
the unit cell of maucherite is very large, the agreement of the observed and 


6 The X-ray powder patterns of orcelite and the y-phase are more similar than the 
patterns of orcelite and Ni,As, as was reported by Fleischer (8). Also Hansen and Anderko 
(13) report that Granger (11) synthesized Ni,As; in the reference quoted by them, however, 
Granger claimed only to have synthesized Ni,P. 
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calculated d values may be fortuitous, and the space groups determined on 
the basis of powder patterns alone may be incorrect. 

A differential thermal analysis of synthetic maucherite gave no indication 
of a transition in the temperature interval from 650° to 800° C, although the 
small 4H accompanying an order-disorder transition may be below the limit 
ot detection of the apparatus. Additional and more convincing evidence that 
Ni,,As, does not exist in two stable modifications is afforded by high-tem- 
perature X-ray diffraction experiments. The “additional” reflections re- 
corded in Table 3 were not reported in powder patterns of maucherite taken 
above 700° C by Heyding and Calvert (16). The available data suggest 
that a metastable phase forms during rapid cooling of Ni,,As, from above 
700° C, and that the “additional” reflections recorded on powder patterns at 
room temperature are from this metastable phase. (A similar transformation 
in Ni, ,As, was discussed in a preceding section.) A final solution to the 
subtle structural differences in Ni,,As, cannot be concluded, however, until 
a structural analysis has been made to determine the atomic positions and 
parameters. 

Niccolite——The compositional variation of synthetic niccolite and the 
change in d,,, over the range of homogeneity was studied with samples 
quenched from 800° C (Table 4). Niccolite in equilibrium with maucherite 
was found to have a composition of Ni, os5+9.004As. Niccolite of Ni o¢s+0.00a45 
composition is in equilibrium with rammelsbergite and represents the arsenic- 
rich limit of solid solution at this temperature. From Ni,,..As to stoichio- 
metric NiAs the values of d,,, and d,,,, and consequently the cell parameters, 
are constant within the experimental error of the measurements. From 


stoichiometric NiAs to Ni,.s,;As the d values and cell parameters decrease 
nonlinearly. 


The variation in d,,, as a function of the composition of niccolite 
is shown in Figure 2 


In an earlier study (35) evidence was presented that the solid solution 
on the nickel side of stoichiometric NiAs is due to an excess of nickel atoms 
(Ni,,,As), whereas solid solution on the arsenic side of stoichiometric NiAs 
is due to the omission of nickel atoms (Ni,,As) in the niccolite structure. 
Although additional data are needed to confirm the excess of nickel atoms 
in the nickel-rich portion of the solid solution, the formula Ni,.,As is used 
here to indicate the compositional variation in niccolite. 

The composition of niccolite in equilibrium with NiAs, as a function of 
temperature was determined in the following manner. 


Two types of runs 
were made at 700°, 600°, and 500° C 


; one run at each temperature contained 
nickel and arsenic as the starting material (59.00 weight percent As), and 
the other contained homogeneous niccolite of Ni,..,As composition (Table 5). 
Since the minimum Ni/As atomic ratio of niccolite is greater than 0.96 below 
800° C, the phases in both types of runs at the end of a long heating period 
were niccolite, rammelsbergite (or pararammelsbergite at 500° C), and 
vapor. Measured values of d,,, of niccolite in each run are given in Table 5, 
and the good agreement of d,,, in solution and exsolution runs at the same 
temperature is accepted as proof of chemical equilibrium between the phases. 
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TABLE 3 
IFFRACTION DATA OF Ni 


RAPIDLY COOLED TC ROOM TEMPERATURE 
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Cu radiat 











diffuse reflection. 
ns not previously reported in the X-ray powier 
1]45g, and referred to in the text as “additional” 
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The composition of niccolite in these runs was easily found by inspection of 
Figure 2, and the values determined in this manner are listed in the last 
column of Table 5. These values are points on the niccolite solvus between 


NiAs and NiAs,, which is shown in Figure 1. Determination of points on 


the solvus below 500° C by the above method is impractical because niccolite 
in equilibrium with NiAs, at 500° C contains only 0.13 weight percent more 


ABLE 5 


SETWEEN NiAs AND N 














% for description 


i error of the mean is 0.0002 1. 


iona. error is approximately + 0.07 wt. # As. 


ABLE ¢ 


PARARAMMELSBERG] TE-RAMMELSBERGITE INVERSION IN 








Phases Starting Material 





reground twice 





“any experiments in this table do not represent equilibrium assen- 
blages. See text for discussion of this table. 
Te = 4.756 + 0.004 1, b = 5.793 + 0.002 A, ¢ = 3.544 = 0.001 A. 


t. « 4.757 0.004 1, b = 5.793 + 0.002 i, © = 3.5h% + 0.001 A. 
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We ght per cent As 





NiAAs atomic ratio 


Fic. 2. Variation in dws as a function of the Ni/As atomic ratio of niccolite. 


arsenic than stoichiometric NiAs. Thus below 500° C the solvus is nearly 
vertical. 


Niccolite in equilibrium with maucherite at 800° C contains 0.67 = 0.10 
weight percent more nickel ( Ni, ,..As) than stoichiometric NiAs. The slope 
of the niccolite solvus between NiAs and maucherite could not be determined 
by the variation in d,,, since the cell parameters of NiAs are not measurably 
different from those of niccolite in equilibrium with maucherite. Exsolution 
experiments were made to determine the approximate slope of this solvus 
between 800° and 500° C. At 800° and 700° C, niccolite of 55.50 weight 
percent As (Ni,,.,As) is stable; therefore, the solvus is on the nickel side of 
this composition. At 600° C a trace of maucherite (< 0.3 percent) exsolved 
from niccolite of Ni,.o.,As composition, and at 500° C slightly more maucherite 
(< 1.0 but > 0.3 percent) exsolved. These data indicate that the solvus, 
although very steep, has a perceptible and approximately constant slope be- 
tween 800° and 500° C (see figure 1). 

Pararammelsbergite-Rammelsbergite——The lattice constants of rammels- 
bergite synthesized with niccolite and of rammelsbergite synthesized with 
excess arsenic were found to be identical within the experimental error 
(Table 6). This corroborates the conclusion of Roseboom (29) that the 
Ni/As ratio of rammelsbergite is essentially constant. 

A series of experiments was undertaken to determine the temperature of 
the polymorphic inversion of NiAs, (Table 6). When nickel and arsenic 
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were used as reactants, pararammelsbergite formed at temperatures up to 
550° C, from 557° to 573° C both polymorphs formed, and above 600° C 
rammelsbergite was the only diarsenide phase. Rammelsbergite heated at 
500° C for 16 days and at 400° C for 170 days did not contain any para- 
rammelsbergite. Similarly the inversion of pararammelsbergite to rammels- 
bergite was unsuccessful after 30 days at 590° C. In one experiment para- 
rammelsbergite formed as an exsolution product at 500° C from a niccolite 


LIQUIDUS-SOLIDUS EXPERIMENTS IN SILICA-GLASS TUBES 








Phases* 





- Nickel-NisAs2 eutectic 





Ni + NisAs2 + V 
Ni + NisAs2 + ¥ 
Ni+L+V¥ 


NisAs2 + | 


995 


c. Nis_yAs2-maucherite eutectic 
7 NisAs2 + m+ V 





a20 
a9 


a25 





7 
+ ¥ 





738 L+nc+¥ 


F, Niccolite-rammelsbergite eutectic 
a6 ne +rm+V 
853 L+nc+V¥ 
852 on both heating and cooling 
Fx on both heating and cooling 





3, Melting of rammelsbergite 
LO&O rm + L(As) + V 





H, Rammelsbergite-arsenic eutectic 
7a heating only 
78 cooling only 








*L = liquid at the temperature of the experiment. 


T oiererential thermal analysis. 


solid solution which had been originally synthesized at 800° C (see dis- 
cussion of Table 5). This suggests that pararammelsbergite is stable at least 
to 500° C since it forms at this temperature both by reaction of arsenic with 
nickel and as an exsolution product. The inversion was tentatively assumed 
to occur between 550° and 600° C, and failure to convert one polymorph 
to the other was believed to be due to the sluggishness of the inversion. The 
rammelsbergite-pararammelsbergite inversion is discussed further in a later 
section. 
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Liquidus-Solidus Relations 


Silica-glass tube experiments pertaining to liquidus-solidus relations are 
listed in Table 7. The heating period of these runs varied from 1 to several 
hours. Nickel-arsenic melts cannot be quenched to “glasses,” and evidence 
of melting was based on a change in the appearance of the material from a 
porous mass to a smooth, rounded, nonporous globule. Eutectic compositions 
are not easily determined because the crystalline phase in equilibrium with 
the melt at the run temperature can only be deduced from grain size and 
textural relations in the rapidly cooled sample. The stable crystalline phase 
at the run temperature is characteristically coarser grained and surrounded 
by the finer grained material representing the crystallized liquid. 

The temperature and composition of the nickel-Ni,As, eutectic was found 
to be 895° + 5° C and 28 + 2 weight percent As (Table 7A). This agrees 
very closely with the results of Friedrich and Benningson (9), who gave 
values of 898° C and 28 weight percent arsenic. The melting temperatures 
of various compositions of Ni,_,As, were not investigated; therefore, it is 
not definitely known if the maximum melting temperature of this phase cor- 
responds exactly to stoichiometric Ni,As,. Ni,As, appeared to melt com- 
pletely, however, at 995° C (Table 7B), and from the approximate slope of 
the liquidus it can be estimated that the maximum melting temperature must 
be below 1000° C. Friedrich and Benningson (9) gave 998° C as the 
maximum melting temperature. 

The Ni,_,As,-maucherite eutectic was investigated and found to be at 
818° = 5° C and 44+ 1 weight percent As (Table 7C). (Friedrich and 


Benningson (9) gave 804° C and 43 weight percent arsenic.) At 830° + 5 


C maucherite partially melted to form niccolite and a liquid, which solidified 
to Ni,.As, and maucherite during rapid cooling (Table 7D). Textural 
relations conclusively showed that the Ni, ,As, and maucherite in the chilled 
product had been liquid and the niccolite had been crystalline at 830° C. 
Thus the incongruent melting of maucherite to niccolite plus a liquid was 
established. 

Stoichiometric niccolite (56.07 weight percent As) melts at 962° + 3° C 
to a liquid (Friedrich and Benningson gave 970° C), whereas a niccolite 
composition of 57.00 weight percent As partially melted at 936° + 5° C to 
form a liquid and niccolite with less than 57.00 weight percent As. Similarly 
niccolite of 55.60 weight percent As melted below 940° C. The conclusion 
that stoichiometric niccolite has the highest melting point of any niccolite 
composition appears justified (Table 7E). 

Evidence was obtained of a eutectic relation between niccolite and ram- 
melsbergite. At temperatures above approximately 700° C rammelsbergite 
dissociates to niccolite plus a vapor in sealed tubes, and the total composition 
of the condensed phases was maintained approximately equal to the bulk 
composition by restriction of the free space in the tube to a minimum. AI- 
though the amount of arsenic lost to the vapor was small, the vapor con- 
densed as a thin film on the tube wall during quenching, making it difficult 
to observe the charge. Two tubes were prepared with bulk compositions 

? 
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of 62.0 weight percent arsenic ; one was heated at 846° C, the other at 853° C. 
The tubes were rapidly chilled and examined under the binocular microscope. 
Formation of a smooth rounded charge in the 853° C run indicated partial 
melting. A differential thermal analysis of material with a composition of 
65 weight percent As gave two endothermic reactions on heating (Table 7F). 
The first, at 852° + 3° C, corresponds to the eutectic temperature ; the second 
reaction, at 930° + 3° C, was interpreted as complete melting at the liquidus. 
Heating and cooling curves gave identical results. These data indicate a 
eutectic composition of approximately 63 weight percent As. 

The melting point of rammelsbergite was investigated by heating rammels- 
bergite plus an excess of arsenic to satisfy the requirement of the vapor. 
Melting was not observed at 1040° C, and further heating was not attempted 
because 1040° C and the high vapor pressure at this temperature is about 
the upper limit of the apparatus. This temperature is well above the melting 
points of niccolite and arsenic; consequently, rammelsbergite must melt con- 
gruently at a temperature greater than 1040° C. 

A differential thermal analysis of 80 weight percent As was made to 
determine the temperature of the rammelsbergite-arsenic eutectic. An endo- 
thermic reaction was observed at 784° C on heating; and the corresponding 
exothermic reaction, at 782° C on cooling (Table 7H). Considering the 
combined errors, the eutectic temperature is 783° + 5° C. The composition 
of the eutectic was not investigated, but because of the large difference be- 
tween the melting point of rammelsbergite and the eutectic, as compared to 
the small difference between the melting point of arsenic and the eutectic, the 
eutectic composition should be relatively rich in arsenic. 


THE PARARAM MELSBERGITE-RAM MELSBERGITE INVERSION 
IN RELATION TO PRESSURE AND TEMPERATURE 


General Considerations 


An examination of the pararammelsbergite-rammelsbergite inversion in 
relation to pressure and temperature is helpful for interpreting the results of 
gold-tube experiments. A small departure from stoichiometry must be 
postulated for the NiAs, polymorphs in order to deduce the general P-T rela- 
tions. Otherwise five univariant curves, violating the phase rule, would 
have to be shown around a single invariant point in the two-component sys- 
tem. This single invariant point is recognized as actually two invariant 
points when a departure from stoichiometry is considered. It does not matter 
that the compositional variation in the NiAs, polymorphs is too small to be 
measured by the experimental methods used in this study, for the exact 
compositional limits need not be known. A schematic diagram in the lower 
right-hand corner of Figure 3 shows one possible arrangement of the phase 
relations in the 7-X projection of the NiAs, inversion. Invariant points 


1 and 2 are the critical features.’ The P-T relations, which are shown 


7 The relative temperature of the invariant points cannot be deduced a priori, but gold- 
tube experiments, which will be discussed shortly, confirm the assumption that T 


, is greater 
than 7, 
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schematically in Figure 3, can be deduced from general principles and applica- 
tion of the Morey-Schreinemakers’ coincidence theorem (22, 23).® 

The two univariant curves pararammelsbergite-rammelsbergite-niccolite 
and pararammelsbergite-rammelsbergite-arsenic in Figure 3 show the relative 
effects of pressure and temperature on the inversion when NiAs, is in 
equilibrium with niccolite and arsenic, respectively. Since vapor is not 








| 
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Temperature 


Y 
prm+rm+V 7 prm+As 
prm+nc+V Vv +V 
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Temperature ———> 


Fic. 3. Schematic P-T diagram showing the univariant curves and invariant 
points, 1 and 2, at the NiAs, inversions if the 7-X relations are assumed to be as 


shown in the insert diagram in the lower right-hand corner. 


present in the assemblages on either side of these univariant curves, collap- 
sible gold tubes under an external pressure greater than the vapor pressure 
must be used to determine the position and slope of these two curves. 


Gold-Tube Experiments 


Starting materials for gold-tube experiments were pararammelsbergite 
and rammelsbergite, which had been synthesized in silica-glass tubes at 500 
and 650° C, respectively. Two gold tubes, one containing pararammels- 

8 Since it is assumed that there is not a compositional difference in the NiAs, polymorphs 
at invariant point 2, the univariant curves pararammelsbergite-rammelsbergite-vapor and 
pararammelsbergite-rammelsbergite-arsenic must coincide stable to metastable as shown in 
Figure 3 





1290 kt. A. YUND 


bergite and the other rammelsbergite, were placed side by side in the pressure 
vessel. Although the inversion of one polymorph to the éther was never 
complete below 2,000 bars, the formation of at least 10 percent of the poly- 
morph not originally present in the tube was accepted as evidence of its 
stability at the pressure and temperature of the experiment. The inversion 
was reversed at all points to prove that the data represented true equilibrium. 


TABLE 8 
™ 


}OLD-TUBE EXPERIMENTS PERTAINING TO THE PARARAMMELSBERG] TE-RAMMELSBERGI TE 


INVERSION IN EQUILIBRIUM WITH NICCOLITE 
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8 also present in all these experiments. 


Experiments pertaining to the determination of the univariant curve para- 
rammelsbergite-rammelsbergite-niccolite (see Figure 3) are listed in Table 8. 
From 0.2 to 0.5 mg of arsenic (in 10 to 20 mg total NiAs,) was lost from 
gold tubes at pressures greater than 1,000 bars. Consequently, niccolite 
formed in experiments above 1,000 bars, and in experiments below this 
pressure niccolite was added to the starting material to insure that the NiAs, 
inversion was determined in equilibrium with niccolite. The data from Table 
8 are shown graphically in Figure 4. The position of the univariant curve 
could not be determined below approximately 500 bars because of the slug- 
gishness of the inversion. Extrapolation of the curve to the pressure of the 
invariant point (~ 1 bar) gives an invariant temperature (7, in Figure 3) 
of 590° + 10° C. The difference in the enthalpy (AH) of the two poly- 
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morphs can be calculated from the Clapeyron equation (31). The following 
data were used: AV = 0.612 cc/mole at 25° C,° dP/dT = 1,000 bars/22 
(from Fig. 4), and T = 863° K. The change in the enthalpy (AH) is 
found to be approximately 0.57 Kceal/mole at 590° C. 

Experiments made to determine the univariant curve pararammelsbergite- 
rammelsbergite-arsenic (Fig. .3) are listed in Table 9. Sufficient arsenic 
was added to the starting materials so that some arsenic remained at the 


- 


t 





Temperature, ° 


Fic. 4. P-T diagram showing the univariant curves pararammelsbergite- 
rammelsbergite-niccolite and pararammelsbergite-rammelsbergite-arsenic as deter- 
mined in gold tubes. The univariant curves and invariant points correspond to 
those shown schematically in Figure 3. 


end of each experiment. At temperatures above approximately 630° C, 
however, the gold tubes began to melt when free arsenic was present. There- 
fore, only the lower portion of the univariant curve pararammelsbergite-ram- 
melsbergite-arsenic could be experimentally determined. This curve is also 
shown in Figure 4, and extrapolation to a pressure of approximately 1 bar 


® The cell dimensions of pararammelsbergite (17) in Table 1 and of rammelsbergite (this 
study) were used to calculate Al The coefficients of thermal expansion for these phases are 
not known, but are assumed te be approximately equal. The slight compositional difference 
in the two phases is not significant in the calculation of AV. 
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gives a temperature (7,) of 598° + 10° C for the invariant point 2. The 
temperatures of the two invariant points were used to construct the phase 
relations around the NiAs, inversion in the 7-X diagram of Figure 1. 


THE PARARAMMELSBERG] TE-RAMMELSBERGI TE 
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C. Pararammelsbergite from Schladming, Steiermark, Germany 
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GEOLOGIC IMPLICATIONS 


Maucherite and niccolite are stable together over a wide range of tem- 
peratures, presumably from room temperature to 830° C (the incongruent 
melting point of maucherite). Maucherite is not nearly so common as 
niccolite in hydrothermal deposits, and the explanation for its more restricted 
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occurrence must be attributed to a relatively high partial pressure of arsenic 
rather than to high temperature alone. 

Concentric banding or zoning of nickel arsenides is common, and _ this 
type of texture is illustrated in Figure 5 by the alternating bands of niccolite 
and rammelsbergite around a core of maucherite. Failure of early formed 
arsenides to equilibrate with changes in the composition of ore-forming fluids 
and with later formed minerals is believed to reflect the slow rate of solid 
diffusion in arsenide minerals. Maucherite in contact with either pararam- 
melsbergite or rammelsbergite is rarely observed, however, and equilibrium 
is probably attained at the contacts of these minerals at least in most instances. 


Fic. 5. Maucherite rimmed by alternating bands of niccolite and 
rammelsbergite. Specimen from Bou-Azzer, Morocco. 


Ni, .As, has not been identified as a mineral, and since it too is stable 
over a wide temperature range it must be concluded that the partial pressure 
of arsenic in the depositional environment is always too high for Ni,_,As, 
to form. Vapor pressure data for the Ni,_,As,-maucherite assemblage would 
set an approximate lower limit for the partial pressure of arsenic in a 
hydrothermal gas phase. At present the experimental and thermal-chemical 
data are not available to make these calculations. There is also the possi- 
bility that natural Ni, _,As, has occasionally been misidentified as maucherite 
since the two phases have very similar optical properties. Their X-ray 
powder diffraction patterns, however, afford a reliable means of identification. 
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A new mineral (orcélite) of approximately Ni,As composition was re- 
cently described from a vein in the serpentinized harzburgite of the Tiébaghi 
massif in New Caledonia (4). If this mineral corresponds to the y-phase 
of Heyding and Calvert (16), then it must be considered a low-temperature 
phase stable below approximately 200° C. 

The niccolite solvus between stoichiometric NiAs and NiAs, was care- 
fully determined since this was a potential geothermometer. The experi- 
mental results have shown that the solvus is nearly vertical in the temperature 
interval of geologic interest; therefore, the Ni/As ratio of niccolite cannot 
be used to determine the temperature of niccolite deposition. 

There are many suggestions in the literature for the use of polymorphic 
minerals such as pararammelsbergite and rammelsbergite as geothermometers 
to give maximum and minimum temperatures of ore formation. It has been 
shown here that the inversion of pure NiAs, in equilibrium with niccolite 
occurs at 590° + 10° C under the vapor pressure of the assemblage and at 
633° + 7° C under a confining pressure of 2,000 bars. The inversion tem- 
perature is approximately 8° C higher when the polymorphs are in equilibrium 
with metallic arsenic. Several specimens of rammelsbergite and pararammels- 
bergite were studied to compare their inversion temperatures with that of 
the synthetic phases. Specimens of rammelsbergite from Cochabamba, Bo- 
livia, and from Bou-Azzer, Morocco, were heated at 300°, 400°, 460°, and 
600° C under a confining pressure of 2,000 bars; and at 450°, 500°, and 
550° C under a confining pressure of 1,000 bars (Table 10). From 5 to 
10 percent niccolite was originally present in the Bou-Azzer specimen, and 
up to 5 percent of niccolite formed in the experiments with the Cochabamba 
specimen as a result of diffusion of arsenic through the gold tube. Para- 


rammelsbergite was not observed to have formed in any of these experi- 
ments.'® Apparently, solid solution of other elements for nickel and arsenic 
lowers the NiAs, inversion appreciably. The most important minor ele- 
ments in rammelsbergite and pararammelsbergite are cobalt, iron, antimony, 
and sulfur (24). 


A specimen of pararammelsbergite from Schladming, Germany, was also 
studied in the laboratory (Table 10). This specimen was found to invert 
to rammelsbergite between 500° and 525° C at 2,000 bars. This is approxi- 
mately 100° C below the inversion of pure NiAs, at the same pressure. 
Again the lower inversion temperature probably reflects the content of minor 
elements in solid solution. 

Approximately 1 weight percent sulfur is soluble in synthetic rammels- 
bergite, and this amount of sulfur lowers the inversion between 90° and 
140° C (Yund, in preparation). Ramdohr (27) observed that pararammels- 
bergite is found only when the ore is poor in cobalt. One interpretation of 
this observation is that a small amount of cobalt lowers the NiAs, inversion 


10 These experiments do not prove that the rammelsbergites investigated are stable at 
300° C (2,000 bars) since failure to achieve the inversion at this low temperature may be 
due to the kinetics of the inversion. The inversion temperature of these specimens is un- 
doubtedly below 600° C, however, because synthetic rammelsbergite inverts in a few days at 
580° C and 2,000 bars 
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and rammelsbergite forms even at low temperature to the exclusion of para- 
rammelsbergite. 

The results of this study indicate that solid solution of other elements 
for nickel and arsenic appreciably lowers the NiAs, inversion. Therefore, 
it is not possible to set a lower temperature limit for the formation of ram- 
melsbergite in nature. A similar criticism undoubtedly applies to using 
other polymorphic sulfide minerals as indicators of minimum temperatures of 
ore formation. If polymorphic sulfide minerals are used, the individual 
specimen in question should be studied in the laboratory to determine, if pos- 
sible, its inversion temperature. If this suggestion is followed, erroneous 
conclusions of geologic temperatures based on polymorphic inversions of 
sulfide minerals can be avoided. 
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SOME CHEMICAL ASPECTS OF BAUXITE GENESIS IN JAMAICA 


DONALD JOHN BURNS 


ABSTRACT 
Partial chemical analyses have been made on samples of Jamaican 
bauxite, tuff and White Limestone. 


Analytical results for the White Limestone indicate that this formation 
is not the source of the bauxite. 


PREVIOUS WORK 


THE problem of bauxite genesis in Jamaica has been discussed in several 
papers, including those by Schmedemann (12), Harder (4, 5), Hose (8, 9), 
Zans (13, 14, 15), Hartman (6) and Hill (7). 

Scope of the Present Investigation—This present work is limited to the 
partial analysis of samples of Tertiary White Limestone, tuffs of Cretaceous 
age and soils of bauxitic and lateritic types. The distribution ratio between 
the White Limestone and the bauxite is calculated for certain oxides. From 
these ratios the thickness of White Limestone that would be required to 
provide the bauxite is determined. 


SAMPLING AND SAMPLE PREPARATION 


Samples of approximately two kg weight were taken in the field. Figure 
1 shows the location of sample points. 

For the limestone samples the material was washed and all weathering 
removed before breaking into pieces approximately 2 cm in size. A sample 
of 200 grams was then taken from this broken material for analysis. In the 
case of the tuffaceous material a 200 gm sample was taken after cleaning 
and breaking the field sample. This sample was crushed to — 10 mesh and 
then passed twice through a sample-splitter to obtain a weight of 50 gms. 
This material was then ground to — 100 mesh for analysis. For the bauxite 
soils the field sample was passed through a sample-splitter until a weight of 
200 gms was obtained. This 200 gm sample was then treated as for tuffaceous 
material. Sufficient weights for analysis of the bauxite production samples 
were ground to — 100 mesh without any prior treatment of the sample. All 
samples were dried at 110° C before analysis. 


W HITE LIMESTONE 


It was originally intended to analyze the White Limestone samples di- 
rectly but preliminary work showed that the concentration of certain elements 
was below the sensitivity of the methods employed. It was therefore neces- 
sary to work on the acid insoluble residues of these limestones. A known 
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Fig_1__ Location of sample points 
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weight (approximately 200 gms) of limestone was dissolved in hot 30 percent 
acetic acid. The insoluble residue was filtered off and washed with dilute 
acetic acid. The insoluble residue thus obtained was of a dark-brown color, 
with occasional specks of black or pale-brown material. A part of this 
residue was sufficiently fine to pass through a sintered-glass filter of porosity 
4, but all the material was apparently retained on a porosity 5 filter. This 
indicates that part of the acid-insoluble residue has a particle size of less 
than 10 microns. It has been assumed that the greater part of the elements 
that comprise the “mixed oxides” precipitate are contained within this acetic 
acid-insoluble residue. This brown, acetic acid-insoluble residue has been 
previously reported. Attempts to characterize the material by X-ray dif- 
fraction have given inconclusive results (10). 


rABLE 1 


PARTIAL ANALYSES OF THE AcID-INSOLUBLE RESIDUE OF Waite LIMESTONE SAMPLES 


Weight ‘ 
Sample No 


MnO 


0.08 

8.3 } 0.18 
J 0.60 

12.3 0.07 
0.15 

8.4 | : 0.07 
6.2 f 0.03 


' Figure for total iron, without correction for FeO, if present. 
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TABLE 2 


‘ Calculated weight “% in original limestone 
Weight °% of 
acid-insoluble 


veutiue ALO FeO TiOs MnO POs 


0.060 0.01488 0.03852 0.00001 0.00005 0.00144 
0.016 0.00690 0.00133 0.00040 0.00003 0.00109 
0.023 0.00759 0.01217 0.00053 0.00014 0.00048 
0.044 0.00576 0.00541 0.00075 0.00003 0.00022 
0.032 0.00646 0.00442 0.00045 0.00005 0.00138 
0.028 0.00148 0.00235 0.00027 0.00002 0.00095 
0.085 0.01912 0.00527 0.00128 0.00002 0.00085 


! Weight % of insoluble residue after ignition 
? Figure for total iron 


The analytical values given in Table 1 have been recalculated as weight 
percentages in the original limestone. These re-calculated figures are given 
in Table 2 together with the weight percent of acid-insoluble residue in each 
sample. 

BAUXITIC SOILS AND PRODUCTION BAUXITE 

Four samples of bauxitic soil lying directly on the White Limestone were 
partially analyzed. Three samples of production bauxite were also partially 
analyzed. These analytical values are shown in Table 3. In this table the 
hauxitic soil samples are related to the White Limestone samples over 
which they were lying. 


TUFFACEOUS MATERIAL 


Within the inlier of Cretaceous rocks that occupies the central portion 
of Jamaica there occurs a thick series of tuffs, shales, and conglomerates. 
Descriptions of these rocks have been given in publications of the Geological 
Survey Department of Jamaica (2, 3). Uplift along the axis of the inlier 


TABLE 3 


PARTIAL ANALYSES OF BAUxITIC SOIL SAMPLES AND OF PRODUCTION BAUXITE SAMPLES 


Weight “ 


TiO: MnO 


Soil lying on B.L. 2 0.66 
Soil lying on B.L. 5 3. 0.15 
Soil lying on B.L. 20 : 0.05 
Soil lying on B.L. 22 39. : 0.17 
Production bauxite, St. Ann L 0.49 
Production bauxite,” 

St. Elizabeth 2 0.56 
Production bauxite, St. Ann I od 0.69 


‘ Figure for total iron. 
2? This sample contained 0.9% wt COs. 
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TABLE 4 


PARTIAL ANALYSES OF TUFFACEOUS MATERIAL 


Weight 
Sample No 


TiOz MnO POs 
0.63 0.04 0.20 


0.64 0.08 0.33 
0.61 0.14 0.19 


has raised these Cretaceous rocks to a topographic level above that of much of 
the Tertiary limestone outcrop. 

Representative sampling of the tuffaceous rocks within this inlier is im- 
practicable because of the great variation in lithology that exists in this series. 

In view of this lithological variation no attempt was made to sample these 
tuffaceous rocks representatively. A number of samples of non-conglomeratic 
material was collected. The analyses of these samples indicate the range of 
composition existing in these rocks but cannot be regarded as truly representa- 
tive, particularly with respect to the coarsely conglomeratic types. 


DISCUSSION OF RESULTS 


If a residual theory is postulated for the formation of bauxite in Jamaica 
all the components of the bauxite must obviously be derived from the White 
Limestone on which the bauxite lies. In Table 5 arithmetic mean values 
for the seven analyses of White Limestone samples, the three samples of 


production bauxite and the four samples of bauxitic soil are given. 

The mean value for Al,O, in the White Limestone (Table 5) is con- 
siderably lower than the corresponding figure derived from recent analyses of 
other White Limestone samples (10). This difference is presumably due 
to the two sets of analyses having been made on the acetic acid-insoluble 
residue in one instance and on the original limestone in the other. The 
percentage error in the Al,O, determination on the original limestone will be 
greater than in the corresponding determination on the acetic acid-insoluble 
residue. 

The ratio, Oxide in Production Bauxite/Oxide in White Limestone can 
be calculated for the various oxides, using the mean values in Table 5. 


rABLE 5 


Arithmetic mean values, weight ‘ 


G 


Al2Os FeO, TiOz MnO POs 


White Limestone samples 0.00888 0.00992 | 0.00053 | 0.00005 0.00092 
Production bauxite samples 48.8 19.1 2.4 0.58 0.39 
Bauxite soil samples 25.8 25.7 2.5 0.26 0.82 





CHEMICAL ASPECTS OF BAUXITE GENESIS 1301 


These ratios are as follows (to the nearest 100): Al,O,: 5,500; Fe,O,: 
1,900; TiO,: 4,800; MnO: 11,600; P.O, : 4,200. 

Thus, even assuming no loss of ions during weathering, an enrichment 
factor of 11,600 is required to produce bauxite of production grade from the 
White Limestone formation if the ratio for MnO is accepted. Previous 
figures for the thickness of limestone required in the formation of Jamaican 
bauxite include a value of 750 feet (7) and one of 1,150 feet (6). Hartman’s 
figure, for the St. Ann district, is based upon an arbitrary value of 0.075% 
Al,O, in the limestone. Hill’s figure is apparently based on a value of 0.5 
percent total acetic acid-insoluble residue in the limestone. If the mean value 
for Al,O, shown in Table 5 is used in place of Hartman’s value and if the 
mean value for the acetic acid-insoluble residue of Table 2 is substituted in 
Hill’s calculation, then the figures quoted above become 9,660 feet and 9,140 
feet respectively. 

The present estimated reserves of production-grade bauxite in Jamaica 
are 600 million tons (11). Using the bauxite/limestone ratio for MnO of 
11,600 and assuming a factor of 1.5 tons per cubic yard for the White Lime- 
stone, it can be calculated that a thickness of just over 1,000 feet of lime- 
stone covering the entire surface of the island is required to produce this 
weight of bauxite. Such an estimation does not take into account the fol- 
lowing factors: 


(a) the occurrence of a vast tonnage of non-economic bauxitic and 
lateritic soil covering large areas of the White Limestone. The 
range in composition of these soils is indicated by the analyses in 
Table 3. 

(b) the loss of bauxite by erosion and transportation. 

(c) the loss of part of the limestone residue by weathering during the 
formation of bauxite. 


Obviously the existence of such unknown factors as these makes an 
accurate calculation impossible. Having such factors in mind, however, it 
does not seem unreasonable to suppose that a vertical thickness of at least 
3,000 feet from the total surface area of the island would be required to 
produce the bauxite and related soils of Jamaica. The removal of such a 
thickness of White Limestone is not acceptable on geological grounds and 
therefore the residual theory for the formation of bauxite in Jamaica appears 
to be untenable. 

It is of interest to note that, when the fine brown material is removed by 
decantation from the acetic acid-insoluble residue of the White Limestone, 
the remainder contains a high proportion of organic material. This organic 
fraction is comprised largely of small teeth, from 0.2 to 1.0 millimeters in size. 
A thin phosphatic band, of extremely local occurrence, has been reported 
from the Mandeville area of Jamaica. This band separates bauxite from the 
underlying White Limestone and contains many small fish teeth (1). Zans 
regards this sporadically occurring phosphatic band as a cave deposit resulting 
from the weathering residual of the White Limestone and enriched in phos- 
phate by the guano of cave-dwelling bats (15). 
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Such a process of phosphate enrichment by bat guano is probably not 
necessary since the acetic acid-insoluble residue of limestone is known to 
contain up to 6.8% of P,O, (Table 1). It is possible, therefore, that this 
phosphatic band represents the true weathering residual of the limestone. 

The tuffaceous material that occurs within the several areas of Cretaceous 
rocks in Jamaica has been suggested as a likely source for the required com- 
ponents of bauxite (13, 14, 15). The analyses in Table 4 show that, before 
weathering and transportation, these rocks contain sufficient amounts of 
the relevant oxides to yield bauxite after a relatively low degree of concen- 
tration. However, little is known at present about the mode of weathering 
and subsequent transportation of this tuffaceous material and much more 
work on this subject would be required before this particular problem could 
be resolved. 


CONCLUSIONS 


Analytical values for certain oxides in the bauxite and White Limestone 
respectively, indicate that the limestone is not the source of the bauxite 
deposits in Jamaica. The high value for P,O, in the acetic acid-insoluble 
residue of the limestone together with the presence of fish teeth and other 
organic structures suggest that the phosphatic band described by Eyles 
(1) may represent the true weathering residue of the limestone. 

Analyses of tuffaceous material of Cretaceous age, although not truly 
representative of the series as a whole, indicate that chemically these rocks 
could act as a source of bauxite, as has been suggested by Zans (13, 14, 15). 
However, the part played by these tuffaceous rocks in bauxite formation will 
only be determined by further work on their mode of weathering and sub- 
sequent transportation. 
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HUGH EXTON MCKINSTRY 1896-1961 


Professor Hugh Exton McKinstry died in his sleep at his home in Bel- 
mont, Massachusetts, during the night of June 30, 1961, after an illness of 
several months. Dr. McKinstry was Professor of Economic Geology at Har- 
vard University and had been an Assistant Editor of this JourNAL since 1950. 

Professor McKinstry was born on May 5, 1896, in West Chester, Penn- 
sylvania, and received his B.S. degree from Haverford College in 1917. He 
initiated his graduate studies at the Massachusetts Institute of Technology 
under the tutelage of Professor Waldemar Lindgren and received the M.S. 
degree in 1921 after serving as an Instructor for one year. After three years 
of geological experience with Cerro de Pasco, he instructed classes at Harvard 
University for two years, while working under Professor Caryl Graton, and 
received the Ph.D. degree in 1926. 


From 1926 until 1940, Dr. McKinstry practiced mining geology in 
America, Australia, and South Africa. Dr. McKinstry returned to the aca- 
demic life in 1940, at the University of Wisconsin. He then joined the 
Metals and Minerals Division of the Foreign Economic Administration in 
Washington where he became Chief of the Minor Metals Section from 1943 
to 1945. At the conclusion of the war he was called to Harvard University 


and became Professor of Mining Geology. He recognized that most text- 
books on Economic Geology “leave the exact manner of applying this know]l- 
edge to the search for ore and the appraisal of mines largely to the ingenuity 
of the individual.” His text, Mining Geology, was the answer to this needed 
practical training as it is probably the most practical book available for the 
tyro mining geologist. 

Professor McKinstry served as President of the Society of Economic 
Geologists in 1954. He remained active throughout his academic life in 
both theoretical and practical mining geology, and continued writing until a 
few weeks before his death. Although his interests in geology were broad, 
he considered his major interest to be “the structure of ore deposits.” 

Professor McKinstry will be remembered by all who knew him, not only 
for his success in dovetailing practical geology with the more theoretical 
aspects of academic and laboratory geology, but for his dignity, gentle kind- 
ness, and sincere friendship. As an Assistant Editor of this JouRNAL he was 
ever helpful in his pithy comments and criticisms of manuscripts submitted 
to him. For this the Editors and our readers owe him a debt of gratitude. 
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SCIENTIFIC COMMUNICATIONS 


DESCRIPTION AND ORIGIN OF SULFIDES IN PILLOW LAVAS, 
MAYBRUN MINES PROPERTY, KENORA DISTRICT, 
ONTARIO, CANADA 


HUGH B. MONTGOMERY 


The Maybrun Mines property lies about 45 miles southeast of Kenora, 
Ontario, on Head Bay of Atikwa Lake, in the well known Lake of the Woods 
and Rainy River area. Pillow structures (Fig. 1) in meta-andesite lavas are 
very well developed in the area and contain an extensive deposit of sulfide 
minerals. 

Acknowledgments.—The writer wishes to express his appreciation to Dr. 
O. Owens and Dr. J. Gill for making this project possible. He also grate- 
fully acknowledges the assistance of Messrs. J. Hughes, K. O'Flaherty, and 
J. King, of Maybrun Mines Ltd.; the Maybrun Mines Ltd. for financial aid ; 
Dr. W. Johnson and his party of the Ontario Survey; Messrs. E. Harwich, 
W. Meachan, and F. Hodgkinson, geologists working on adjacent claims; 
and Dr. C. W. Burnham, of the Pennsylvania State University, who offered 
many valuable criticisms and suggestions. 


GEOLOGY OF THE MAYBRUN MINES PROPERTY 


General—The Maybrun Mines property is largely underlain by meta- 
morphosed andesitic lava, except the east, west and south shores of Head Bay, 
and the two islands within the bay. These areas are underlain by a granitic 
complex that ranges in composition from granite to granodiorite and contains 
some metavolcanic inclusions. The meta-andesites that underlie the prop- 
erty contain pillow structures and are cut by many intrusives, the largest 
of which is a body of gabbro. Among the smaller intrusives, dacite porphyry 
is the most common, and is followed by diorite, quartz diorite, aplite and 
leucogranite in order of decreasing abundance. In the southwest corner of 
the property is a belt of high-rank graywacke metasediments. 

The contacts between these metasediments and the lavas are sharp and 
roughly concordant. The contact between the metavolcanics and the grano- 
diorite has a different appearance in the immediate vicinity of Head Bay 
than it has east of the Maybrun Mines property. The contact around the 
bay is sharp, suggesting a more or less forceful injection. On the other 
hand, the meta-andesite-grandiorite contact east of the Maybrun Mines prop- 
erty is gradational. 
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Mineral Deposits and Pillows —The mineral deposits on this property 


are sulfides that are well developed and emplaced around pillows, in small 
tension cracks across pillows, and in brecciated zones among the pillows in 
the meta-andesites (Fig. 1). Chalcopyrite is the most abundant sulfide, 
pyrrhotite is nearly as abundant, pyrite is present, and some gold has been 


found. One specimen of magnetite was found and its occurrence must be 


considered rare. The gangue minerals are quartz, calcite, and epidote. Sec- 
ondary minerals in the oxidized zone do not occur more than six inches 
in depth. 

The wall rock is fine-grained recrystallized meta-andesite characterized 
by pillows and spots that are sausseritized plagioclase phenocrysts. Abundant 
hornblende and plagioclase and lesser amounts of biotite, chlorite sphene, 
sericite, epidote and calcite comprise the meta-andesite. Alteration by the 
sulfide-bearing solutions consists of the following: (1) recrystallization of the 
hornblende into subhedral prismatic crystals ; (2) an increase in the abundance 
of biotite, quartz, epidote and calcite; (3) the addition of sulfides; and (4) 
the sausseritization of plagioclase, which possibly accounts for the increase 
in the quartz, epidote and calcite content. 
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Diorite dikes are present in some exposures and a leucogranite porphyry 
dike occurs in one exposure. Dacite porphyry dikes transect all exposed 
areas of all known sulfide occurrence, suggesting a genetic relationship. 

Paragenesis—The sulfide minerals are: pyrite, pyrrhotite, pentlandite, 
chalcopyrite, cubanite, and sphalerite. Minerals associated with the sulfides 
are quartz, calcite and epidote. The paragenetic sequence of minerals, as 
indicated by cross-cutting vein relationships, is shown in Figure 2. 


TIME 





Gangve 





Pyrite Pie, ae 
Py rrhotite A 
Pentland ite sit ninamttiins 





Sphalerite ca mien 





Cubanite ? oti, tn 


Chateapy(t, Pr Som 


Fic. 2. Paragenetic sequence of ore-forming minerals. 


The associations of the minerals and their occurrence in veins and small 
area replacements suggests that the deposits are hypothermal. The hydro- 
thermal solutions probably emanated from the crystallizing granodiorite magma 
and were emplaced in the pillows lavas because abundant channels were 
present amor~ the ellipsoidal-shaped pillows. These channels were probably 
opened when ae lavas were fractured by regional deformation during intru- 
sion of the granodiorite. The glassy fragmental material was more easily 
replaced than the crystalline pillows or massive flows. Flows that contained 
no pillows were relatively impermeable to the permeating solutions and no 
ore bodies were formed in these flows. 

Geochemistry.—A preliminary study was made to determine the potential 
usefulness of geochemical prospecting techniques as a means of locating other 
sulfide deposits in the Maybrun Mines property. Two factors were investi- 
gated: (1) the depth at which copper could be detected in glacial till directly 
over sulfide bodies, and (2) the detectibility of copper in leaves of plants 
that grow directly over sulfides. 
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The material tested was obtained in one instance from the walls of a 
trench directly over the sulfide body and in a second instance from a trench 
in an area presumed to be barren of sulfides, which lies 1,000 feet down slope 
from the ore zone. Sampling began just below the soil layer and continued 


at one foot intervals to bedrock. Visually the samples over the ore zone 


Fic. 3. Graph of concentration of copper extracted as related to depth of 
sample. 

Fic. 4. Graph of the ratio of concentration of copper extracted to percent silt 
in sample as related to depth. 


differ from those over the barren zone; they have a tan color near the sur- 
face and increase in darkness to a chocolate color near bedrock whereas all 
the barren zone samples are gray. 

Leaf samples taken over the ore zone were poplar, birch, hazel, and blue- 
berry as they were the most abundant and widespread vegetation and would 
readily supply testing material throughout the property. The glacial till over 
the ore zone does not exceed one foot in thickness in the sample area. 

The method used for the determination of copper concentration in leaves 
was that proposed by Stevens and Lakin (1949). The results were incon- 
clusive as the samples were not sufficiently large to meet the recommendations 
of the authors. 

The method used for the determination of copper in soils was that devised 
by H. Bloom (1955). A 5 gm sample was used, which is larger than that 
recommended by the author. The results are shown in Figures 3-and 4. 
Figure 3 indicates that over both the ore zone and the barren zone copper 
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content increases with depth. However in Figure 4 there is a notable dis- 
tinction between the curves of the two zones. The curve of the ore zone is 
steeper than the curve of the barren zone. 

From these meager results it can be concluded that samples should be 
taken not shallower than 1 foot because copper is first detectable within this 
range over both sulfide-bearing and barren zones. Assuming there is more 
clay to which copper can be adsorbed in the silt than in the sand it is sug- 
gested that coarse samples with a high copper content may be near a source 
of plentiful copper because the smali amount of clay in the sample has 
adsorbed much copper. Conversely if a sample that has a high concentration 
of copper also is rich in clay, it may mean that only a small amount of copper 
is nearby, but the little that has passed through the sample has been almost 
entirely adsorbed. 


It is suggested that a coarse sample with a high concentration of copper 


or a fine sample with an exceptionally high copper concentration, may indicate 
a rich sulfide deposit nearby and further study is merited. 

Comparison of Geophysical and Geological Data—A comparison was 
made of the geophysical information and the geology to determine whether 
additional clues to exploration might be obtained from observed correlations 
between geophysical measurements, geology, and the presence of sulfides. 
Transparent tracings of self potential, electromagnetic, and magnetometer 
surveys were compared with a geologic map. 

An examination of the contours on the self potential map reveals that the 
areas rich in sulfides in the known mineralized zones are enclosed by the 300 
millivolt contour and rise as high as 400 millivolts. Positive to negative 
changes in values on the electromagnetic map are located immediately west 
of known sulfide outcrops. An examination of the contours on the mag- 
netometer survey map indicated a belt of 1,000 gamma anomalies bounded 
on either side by 600 gamma anomalies roughly coincides with the sulfide- 
bearing zones. 

It is suggested from the above that the best exploration approach appears 
to be a combination of a widely spaced magnetometer survey to outline broad 
potential areas and then a more closely spaced electromagnetic survey or 
preferably a self-potential survey, to locate more accurately promising sulfide- 
bearing zones. 


SUMMARY AND CONCLUSIONS 


The area has proven to be extremely complex geologically, and is typical 
of the Canadian Shield. However, some conclusions appear possible from 
the results of this and previous work. For example, the property is under- 
lain largely by lava flows that have an average strike of N 45° W and dip 
75° SW. These flows have preceded and followed the deposition of meta- 
sedimentary beds that conform in attitude to the flows. Several types of 
igneous rocks intrude the flows, generally as dikes, although the mode of 
occurrence of several igneous bodies could not be determined. As the dikes 
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were emplaced, an embayment of a large batholithic intrusion, the bulk of 
which lies east of the property, was emplaced and probably was the source of 
many of the dikes that transect the Mavbrun Mines property. 

Studies of the mineralized zones and polished sections of samples from 
the zones show that the sulfides were deposited in and around pillows of lava 
and replace the interpillow material and crusts about the pillows. The min- 
erals apparently were deposited from residual solutions emanating from the 
crystallizing granodiorite magma, and in a definite sequence. 

The geochemical investigations were inconclusive in determining the 
usefulness of geochemical prospecting techniques on the Maybrun Mines 
property. Nevertheless, because copper can be readily detected in the glacial 
till and because the results from the leaf-ash are inconclusive, owing to the 
extremely small sample available, further investigations are warranted. 

The geophysical investigations strongly suggest that the self-potential, 
electromagnetic, and magnetometer surveys bear a close relationship to the 
sulfide bodies. A combination of a magnetometer survey on 200 foot inter- 
vals would be useful in outlining larger prospective areas, and a more closely 
spaced electromagnetic, or preferably self-potential, survey would more clearly 
define areas deserving of exploratory drilling. 

PENNSYLVANIA Dept. oF ForESTS AND WATERS, 


HARRISBURG, PA., 
July 19, 1961 


A NEW CORE ORIENTATION DEVICE 


ERIC ROXSTROM 


With the increasing use of diamond drilling for geological exploration 

the demand has grown for a more precise method of determining the position 
of the drill hole and of the strike and dip of the formations intersected. In- 
struments for this purpose have been constructed earlier and have been used 
in drill-holes with large diameters. As a rule a compass has been used to 
‘determine the direction. The core has either been marked by a diamond 
point or by a steel point or by a mark made by the pressure of a steel point, 
or through an arrangement that fixes a compass in relation to the core. 
None of these methods have been generally known or used, and certainly not 
in connection with smaller drill holes, which as a rule are used for ore pros- 
pecting. Because of the difficulties of making a clear mark on hard rock, 
the methods used have not always given full-proof results. The work has 
also had to be carried out by special personnel and as a special operation. 

The Craelius Core Orientation Device (Fig. 1) has been constructed to 
obtain a tool that can be used by ordinary drill personnel with normal drilling 
equipment without appreciably delaying progress. When used, the instru- 
ment is placed in the core barrel and in principle makes the measurement of 
a number of points of the drill-hole bottom configuration within the section, 
which will be the upper surface of the core removed. 
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lhe Craelius core orientation device. 


Fic. 


2. Placing the device in the core barrel. 
Fic. 3. Ready for lowering. 
i 


Fic Device with pressure rod points and the depressed pins when being 
removed from core barrel. 


e 


Fic. 5. Pin cylinder released from instrument for pressure control. 
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Measuring is done with the aid of a steel point which is depressed and 
retained in channels on the axially moveable cylinder. One end of the in- 
strument has a closed ball track with soft metal bottom on which a steel ball 
can roll freely near the periphery. The instrument also has a spiral spring- 
loaded axial pressure rod with a point, which can influence the moveable 
cylinder and a locking arm. When to be used, the Craelius Core Orientation 
Device is inserted into the core barrel with pins extending in front of the 
drill bit. After lowering the core barrel, to just above the bottom of the 
hole, flushing is set into progress, so that all sludge is removed. Under 
continued flushing the core barrel is then slowly lowered without turning 
until the core barrel has reached the bottom of the hole. The pins extending 
beyond the drill bit have now been depressed into their channels, the point 
of the pressure rod has carried backwards both the moveable cylinder and 
rod together with the locking arm, which has been influenced by the rod. 
As a result of this action the steel ball makes a mark on the soft ball tracks 
lowest point in the case of an inclined bore-hole. At this moment the locking 
arm is released, so that the spring-loaded pressure rod is pressed forward in 
the instrument, whereupon the instrument is removed from the bottom of 
the hole and glides up into the core barrel standing on the pressure rod point. 
Drilling can now be started, and the core presses the device further and fur- 
ther up into the core barrel. Drilling can continue as long as the pins 
registering the impression on the bottom of the hole are not influenced. 

After the core and instrument have been removed from the hole, the 
instrument is taken apart, making sure that the position of the pins is in 
no way influenced. By fitting the upper end of the core against the de- 
pressed pin it is as a rule possible to get a very exact reconstruction of the 
conditic: 5 that existed when the impression was taken. If, as has been said 
earlier, ce drill hole is not quite vertical, a condition that rarely exists, the 
impression of the steel ball will lie on the ball tracks lowest section. As a 
result it would be possible to determine the vertical plane through the core, 
and following the measurement of the direction and inclination of the drill 
hole it is possible from the core removed to determine the dip and strike of 
the formation. The importance of this information to drillers need not be 
stressed ; it is sufficient to say that this method within the space of only one 
year has been used in Scandinavia and Finland as well as in Germany, 
Canada, Liberia and West Africa. 

The method described here is in principle designed for inclined drill holes 
where the impression of the ball can be used, but it can, of course, also be 
used in vertical drill holes by orienting the drill string. It has in the mean- 
time been shown that only half a degree’s deviation from the vertical under 
average conditions has produced satisfactory results in 66 mm drill holes at 
a depth of 125 m. 


A case where the orientation of the drill cores obtained was important 
was in a Danish drilling project, Suldrup 15. Here drilling was carried out 
in a 146 mm drill hole from 238 to 1085 m depth with a core diameter of 
101 mm. Core orientation using the Craelius method was undertaken at the 
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sites 632.14-636.14 m, 736.32-740.01 m and 920.93-929.48 m. On each 
occasion two oriented cores were taken up. 

The deviation of the drill hole from the vertical measured at 640 m as 5 
(S 22° E), at 735 m 43° (S 19° E) and at 930 m 5° (S 10° E). On the 
basis of the cores orientated the following strikes and dips have been obtained : 


Depth Dip Strike 


632.14-636.14 ~- - 
70° W 
60° W 
73° E 


61° E 


736.32-740.01 


929 93-929 48 


N 
N 
N 
N 
N 
N 


S 
The flushing liquid used had a specific weight of between 1.32 and 1.37 g/ml 
and contained magnesium chloride estimated as MgCl, at approx. 26%. The 
solution was saturated with both NaCl and KCI with a total of 6-6% of these 
two components. 


On drilling the last two cores orientated certain difficulties were experi- 
enced in obtaining the cores orientated due to solid particles in the flushing 


liquid, but through heavy flushing prior to the release of the apparatus it was 
possible to get the desired result. 


RoyAL INSTITUTE OF TECHNOLOGY, 
StTocKHOLM 70, SWEDEN 


Aug. 14, 1961 
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Vol. 56, 1961, pp. 1314-1317 


DISCUSSIONS 


ECONOMIC ASPECTS OF ARCHAEAN-PROTEROZOIC 
BOUNDARIES 


Sir: In “Economic aspects of Archaean-Proterozoic boundaries” (This 
Journal, 1961, p. 635-647), Duncan R. Derry has commendably refrained 
from considering “Archaean”’ as a name for a particular lithologic assemblage 
of Precambrian rocks on the grounds that such a usage would cause confusion. 
However, by using Archean as a name for continental nuclei the last folding 
of which took place 2,000 mega-years or more ago, he has converted the time 
term to a time-tectonic term. He says (p. 636), “Similarly the term ‘Pro- 
terozoic’ could reasonably be applied to all Precambrian rocks after that time.” 
This sentence does not make clear what property of a rock is used to assign it 
to the Proterozoic, but in Dr. Derry’s paper the discussion suggests that a 
geographic position marginal to the Archean massifs as defined by him or 
mineral dates are important criteria. 

The acceptance of the proposal set forth in his paper would tend to cause 
a confusion, which is illustrated by the relationships in Quebec. 

Dr. Derry gives considerable emphasis to the relationships of the Keewatin 
nucleus to surrounding formations for he considers it typical of all such nuclei. 
In particular, he mentions the Grenville series and the Grenville front, but in 
Quebec neither the age nor their structural relationship to the “Keewatin 
nucleus” to the rocks of the Grenville sub-province is as he suggests. 

During the last 15 years, geologists, most of them employed by the Quebec 
Department of Mines, have gathered a substantial amount of information on 
the Grenville sub-province. Ina belt from 150 miles west of the type locality 
for the Grenville series to 300 miles east of it, the oldest recognizable folds 
trend north-south. Narrow north trending belts, dejective zones, have the 
thin bedded formations of the higher part of the Grenville series crowded into 
them to give steep dips, and these are separated by broad zones, in which 
more competent parts of the series have open folds. The north trending folds 
can be traced, particularly in western Quebec, northward to meet the green- 
stones of the Keewatin with their east-west structural trends. 

The Grenville sub-province has many massifs of plutonic rocks. Among 
the oldest are the domical anorthosites. The anorthosites are cut by a series 
of hypersolvus plutonic rocks characterized by green perthitic and antiperthitic 
feldspar and either monoclinic or orthorhombic pyroxene or both. Because 


these rocks and the anorthosite are commonly associated, they are referred to 
as the “Laurentides plutonites” without inference as to whether they are 
comagmatic or not. The Laurentides plutonites deformed the north trending 
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folds, and the rocks other than anorthosite tend also to form sills and phacoliths 
determined by the north trending folds. 

The Laurentides plutonites crop out southeast of a line that passes north 
of the Adirondacks through southeastern Ontario to enter Quebec east of 
Mattawa. It then extends with trends from N 20° to 35° E to the vicinity 
of Mistassini lake, near which it crosses the eastern prolongation of the belt 
of Keewatin greenstones and then extends beneath the sedimentary rocks of 
Labrador trough to emerge and finally to reach the Atlantic ocean south of 
Ungava bay. The rocks of the Labracor trough have yielded mineral dates 
of the order of 2,000 megayears, and not only the Laurentides plutonites but 
also many of the quartz syenites and granites younger than them underlie 
the trough rocks unconformably. 

The massive greenstones of the Keewatin enter Quebec from Ontario 
north of a line passing near Temiscamingue lake, but despite the east trend 
of the folds, their limit, the so-called Grenville front, trends northeast because 
successive belts of greenstone going north extend farther east. Southeast 
of the greenstones are metasedimentary rocks of the Grenville sub-province. 
These rocks show folds that trend north, but folds with axes trending ir- 
regularly but generally northeast intersect the older folds. This belt with 
northeast structures extends from the Keewatin greenstones to the edge of 
the belt with Laurentides plutonites and is thus rudely triangular with the 
apex of the triangle east of Mistassini lake and a base towards Ontario. 
Intrusive rocks related to the northeast folds cut some Laurentides plutonites 
but are apparently older than the Gowganda formation of the Huronian. 

The geological evidence favors an Archean age not only for the Gren- 


ville series but also for the principal folding and many of the igneous rocks 
in the Grenville sub-province. 


In some places, however, younger series 
resting unconformably on older rocks of the Grenville sub-province have 
been folded. In general such folded zones are local. Many mineral ages 
of the order of 1,000 mega-years (Tilton, et al., Jour. Geoph. Res., vol. 65, 
p. 4173) have been reported from the Grenville sub-province, and some 
workers have considered this to be the age of the Grenville series or of 
the time of its folding and the age of intrusives into it. The events of this 
time have informally been referred to as “Grenville orogeny.” There is as 
yet no geological proof of an orogeny at this time, and I have proposed the 
use of “Millenary event” for the phenomenon causing the mineral ages at 
this time. 

If the Grenville series in Quebec and its principal folding is Archean (in 
normal usage of the term), the problem of their relationships to the Kee- 
watin rocks and their east trending folds is unresolved. This is partly be- 
cause the Keewatin itself had a long and geologically eventful Archean history. 
The principal Keewatin belt in Quebec passes on the north into the largely 
unexplored central part of Ungava, where plutonic rocks are dominant. 
However, field mapping during the past two years has shown metasedi- 
mentary rocks with relic north trending folds. This may be an extension 
northward of rocks and structures of the Quebec Grenville sub-province, 
which were interrupted by the eastern extension into it of the rocks of the 
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Keewatin subprovince. The contention that Keewatin is younger than Gren- 


ville is far from proved, but it is within the realm of the possible. In some 
respects such an interpretation would facilitate an explanation of the origin 
of mineral deposits and rocks. Dr. Derry’s conclusion concerning the dis- 
tribution of ore deposits in Quebec might be re-written to say that the belt 
of Keewatin greenstones in Quebec is favorable for ore deposits other than 
those of sedimentary origin. 
F, Firz Osporne 
UNIVERSITE LAVAL, 


QueBec, CANADA, 
Aug. 15, 1961 


CHEMICAL CHARACTERISTICS OF THE GROUND WATER 
RESOURCES OF JAMAICA, W. I. 


Sir: With reference to the article by Hill and Ellington (1) I wish to 
offer the following corrections. 

In matters of detail, the paper contains some errors. The piezometric 
surface of the limestone aquifer in Clarendon Plain ranges from 50 feet to 
220 feet measured from ground level, not 5 to 250 feet. The greatest depth 
of a well taking water from alluvium is 750 not 400 feet. 

The authors state that “the aluvium varies in composition from a trans- 
ported bauxitic laterite in the Toll Gate area to a mixture of kaolinite and 
montmorillorite with sand and well rounded pebbles.” This is a peculiar 
description of an aquifer that yields 2,000 gallons per minute at one well 
and over 600 gallons per minute at each of a score of wells. The perme- 
ability of clays even when accompanied by well rounded pebbles would 
hardly permit such yields. The use of the term aquifer to denote an area 
is confusing. The Clarendon Plains is not an aquifer, it is underlain by 
two aquifers, the Tertiary White Limestone Formation and the overlying 
sands, gravels and clays, and these are the only two important aquifers in 
Jamaica. 

These are, however, matters of detail but it is at the results themselves 
that my main criticisms are directed. Chemical analyses made by the Geo- 
logical Survey Department of Jamaica show a consistent linear relationship 
between specific conductance and computed total solids with no wide de- 
parture from the line. Figure 2 in Hill and Ellington’s paper shows a 
scatter that is much too wide and the attempt to gloss this over by reference 
to “polycomponent systems” is unacceptable. Rossum (2) has shown that 
the measured conductivity of a natural water does not differ significantly 
from a value computed on the basis of the conductivity of each ionic concen- 
tration. In the case of the authors’ average analyses the departure is con- 
siderable. A wide scatter is indicative of careless analysis which no amount 
of statistical treatment can make good. The analysis did not include the 
determination of total solids, an additional check being thereby missed. I 
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suspect that balancing of equivalents will leave much to be desired. Cer 
tainly the average analyses do not balance at all well. 

The statistical side is no better. While admitting that the wells are not 
evenly spaced the authors claim that distribution may be assumed to be 
random since the wells were all located by dousing, which incidentally is 
not true. They then seek to show that the presence of three modes in the 
unique frequence curves indicates three genetically different types of water. 
A histogram of the number of wells per unit latitude shows a pattern sug- 
gestively similar to the unique frequence curve for chloride concentration. 
This similarity clearly demonstrates that sampling was not random and that 
the conclusions drawn by Hill and Ellington are invalid. A graphical treat- 
ment of analysis such as that described by Piper (3), a method that requires 
accuracy in the analysis, shows clearly that there are only two major types 
of water, the shallow ground water and intruding salt water. While at a 
given place the limestone and alluvial waters are generally different they are 
on the whole much the same. Towards the sea, the waters of each aquifer 
contain an increasingly high content of dissolved solids. This is gradual 
and the apparent discontinuity revealed by Hill and Ellington is due solely 
to the distribution of their sample points. 

In sum, I consider that the subtitle of their paper is somewhat of an 
overstatement. 

H. R. VeRsey 

GEOLOGICAL SURVEY DEPARTMENT, 

Kincston, JAMaica, W. L, 
Aug. 1, 1961 
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Geological Nomenclature. A. A. G. SCHIEFERDECKER (editor). Pp. 523+ XVI. 
Royal Geological and Mining Society of the Netherlands. Gorinchem, J. 
Noorduijn en Zoon N.V., 1959. Price, $18.1 


The Geological Nomenclature is a combined glossary and English-Dutch- 
French-German dictionary, the result of almost seven years’ work with the co- 
operation of an international group of geologists. The nomenclature contains 
5,489 terms. All terms are numbered and the numbers correspond to those listed 
in the index. 

The major subdivisions of the nomenclature are: geomorphology, genetic 
physiography, sedimentalogy, stratigraphy, tectonic geology, geophysics, vol- 
canology, orogenesis, mineral deposits, and petrology of igneous and metamorphic 
rocks. Each of these divisions is subdivided into sections. For instance, the 
division of mineral deposits is subdivided into sections dedicated to general termi- 
nology, structure and shape of mineral deposits, distribution and values of mineral 
deposits, processes of formation of mineral deposits, hypogene rock alterations, 
cosmo- and geochemistry, classification of mineral deposits, textures and structures 
of ore minerals, and various mineral terms. 

About 40 percent of terms listed in the nomenclature are not included in the 
Glossary of Geology and Related Sciences with Supplement, published by the 
American Geological Institute. This makes the nomenclature a very useful com- 
plement to this classic glossary. 

EuGENE A. ALEXANDROV 

DEPARTMENT OF GEOLOGY, 

Co_uMBIA UNIVERSITY, 
Feb. 1, 1961 


Geologie von Bayern (The Geology of Bavaria). By Dr. Apotr Wurm. Pp. 
555; 157 figs.; 13 tables, 6 additional maps and sections. Second, completely 
revised edition: Gebriider Borntraeger-Berlin-Nikolassee, 1961. DM. 96.00. 


The “Geology of Bavaria” deals with a northeastern segment of the country, 
the territory of the Variscan mountain system adjoining the Czech border and 
describes mostly the Cambrian-Carboniferous rocks and tectonism. Younger 
formations receive relatively short space. The subject is divided between three 
regional units: 1. Frankenwald 2. Fichtel Mountains-Oberpfalzer Wald and 
3. The Gneissmassiv of Miinchberg. The extensive research of the last 170 years 
on this limited area made an advanced stratigraphic and tectonic synthesis pos- 
sible. It is interesting to note that the classical period of the geological investiga- 
tion of the region is marked by names as Humboldt, the poet-scientist Goethe, 
Suess, Giimbel, Murchison and Sedgwick. The very term “Variscan” was coined 
by Suess from a place in the Gneissmassiv of Miinchberg. Detailed geological 


1W. S. Heinman, distributor, 400 E. 72nd St. NY¢ 
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mapping and micropaleontological, tectonic research, carried out since 1945, neces- 
sitated the publication of the new edition. 

A proportionately long (52 pages) chapter on the area’s economic materials 
concludes the book, but they are mentioned in varying detail also in the preceding 
text. Special treatment is given to the iron, copper and gold deposits and to the 
tale and kaolinite reserves. The iron ores are of different origin, partly sedi- 
mentary, hydrothermal, metasomatic and partly developed as inclusions in basalt. 
Investigations on certain copper ores revealed their syngenetic-sedimentary origin, 
whereas the younger copper deposits are present as lodes and impregnations. 
During the last centuries of the Middle Ages the region prospered as an impor- 
tant gold, copper, and tin-mining district; today the mining is less important. 
The much younger hard and brown coal mining industries have also suffered a 
sharp decline. Important mineral-water resources occur partly on the territory 
of the Tertiary basalt volcanism. 

The book is abundantly illustrated with geological and other maps, photos, 
drawings, sections, diagrams relating to the text. Each chapter is followed by 
pertinent references. The second edition of the “Geology of Bavaria” is a good 
example of a first-rate, modern regional geological work. 


Ervin G. Otvos 


Geology of the Arctic. Girtnert O. Raascu, Editor. 2 vols. and map case. 
Pp. 1196; illustr.; 33 maps in case. Univ. of Toronto Press, 1961. Price, 
$25.50. 


In January of 1960 the First International Symposium on arctic geology was 
held in Calgary, Alberta, Canada, under the auspices of the Alberta Society of 
Petroleum Geologists. Some 1,100 scientists came from many countries of the 
world, but chiefly from Canada, United States, United Kingdom, Scandinavian 
countries and the U.S.S.R. It was a remarkable accomplishment undertaken by a 
small independent organization. These two volumes result from that symposium. 
They are made up of 103 papers by 125 contributors. 

Volume I is Regional Geology, and Volume II is Glaciology, Permafrost, 
Climatology, Geomorphology, etc., and a section on Logistics and Exploration. 
Volume I has sections on Soviet arctic, Spitzbergen, Greenland, Canada, Alaska 
and Arctic Ocean Basin. Many papers deal with the geologic systems of these 
areas giving the stratigraphy and igneous rocks, tectonics, structural history, 
paleontology, marine geology, time, seismic and geophysical studies. 

Volume II, as the titles indicate, is made up of more generalized papers relating 
to the various subjects that pertain to arctic geology with most attention to the 
Pleistocene and Recent, and techniques of investigation. The section on Logistics 


and Exploration deals with field methods, forecasting ice conditions, freeze-up 
and break-up, geophysical and geochemical investigations, prospecting, petroleum 
prospects, and descriptions of expeditions. 


The book brings together for the first time a great mass of information relating 
to all phases of arctic geology and exploration; and it is mostly new information. 
The parts relating to the U.S.S.R. generally have not been available before in 
English; this also applies in part to Greenland and Spitzbergen. 

The organizers and editor are to be congratulated for a stupendous and 
valuable accomplishment. 
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The Earth Today, edited by A. H. Cook and T. F. Gaskett. Pp. 404. Royal 
Astronomical Society and Interscience Publishers, Inc., New York, 1961. 
Price, $13.00. 


This group of 28 papers by as many authors is dedicated to Sir Harold Jeffreys 
by his students and colleagues for his 70th birthday. It is a special issue of the 
Geophysical Journal. Its wide field is of interest to astronomers, physicists, 
geologists, geophysicists, and those interested in prospecting. 

The subjects covered are: gravitation, seismology, thermal state and earth’s 
composition, atmosphere and oceans, and instruments. Each subject is covered by 
two or more authors. The largest subject is seismology with 9 papers and 169 
pages. These papers represent the most advanced work in geophysics, and earth 
problems. Each paper is well illustrated and concludes with an extensive 
bibliography. 


The book should be of particular interest to geologists and geophysicists. 


Mahadevan Volume—A Collection of Geological Papers, edited by Dr. M. S. 
KRISHNAN. Pp. 247. Osmania Press, Hyderabad, India, 1961. Price, $2.00. 


This volume commemorates the sixty-first birthday of Prof. C. Mahadevan of 
Andhra University at Waltair, India. It is made up of 26 contributions of 
original papers by his colleagues, former students, and friends, including five from 
the United States and two from Japan. Most of the papers relate to the geology 
of India and include petrology, geophysics, geochemistry, mineralogy, coal, ore 
deposits, structural geology, sedimentation, and paleontology. The overseas con- 
tributors are A. F. Buddington and J. R. Balsey, Robert Shrock, F. P. Shepard, 
E. C. La Fond, Peter E. Wolfe, K. Kaneko, and M. Hayakawa. 

he volume is a very fitting tribute to an outstanding geologist, to a great 
teacher admired by all his students, and to one whose scientific work has advanced 
the knowledge of the geology of India. Those of many countries who have had the 
good fortune to come in contact with his friendliness add their appreciation of this 
excellent work undertaken by the Publication Committee under the able editorship 
of Dr. Krishnan. 


BOOKS RECEIVED 
ERIC S. CHENEY AND ROGER L. AMES 


The Genesis Flood, the Biblical Record and Its Scientific Implications. Henry 
M. Morris and Joun C. Wurtrcoms, Jr. Pp. 518. Presbyterian and Reformed 
Publishing Co., Philadelphia, Penn., 1961. Price, $8.95. Authors propose a 
Biblically-based system of creationism and catastrophism and “creation of apparent 
age’; uniforitarianism and evolutionism are considered inadequate. They stress 
the philosophic and scientific necessity of the doctrine of “creation of apparent age” 
and the importance in terrestrial history of geologic and hydrologic “catastrophies” 
and suggest the possibility of reorienting scientific data within the framework of 
the Biblical creationism and catrosphism 

Geologic Map of the Bright Angel Quadrangle, Grand Canyon National Park. 
Joun H. Maxson. Colored; scale 1/48,000. Grand Canyon, Arizona, 1961. 
Price, $1.25. Excellent map; text matter of geology on back of map 
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Economic Geology of the Fife Coalfields. Area II. Cowdenbeath and Cen- 
tral Fife. E.H. Francis. Pp. 152; pls. 3; figs. 12. Price, £1 5s. Her Majesty’s 
Stationery Office, Edinburgh, 1961. The coal beds conformably overlie the Pas- 
sage Group ( Millstone Grit) and are broken up by faults into small basins. 
Os Brandes Diamantes Brasileiros. Esmeratpino Reis. Pp. 66; pls. 23; map. 
Bol. 191, Departamento Nacional da Produgéo Mineral, Rio de Janeiro, 1959. A 
general review of the scattered data on Brazilian diamonds. 


Geology of the Suva Area Viti Levu. P. Insorson. Pp. 47; pls. 7; figs. 2; 
tbls. 11. Map, scale 1/50,000. Bull. 4 Geological Survey of Fiji, Suva, 1960. 
The Suva area on Viti Levu, the largest island of the Fiji Group, is underlain by 
Tertiary volcanics and sediments. The important mining industries are gold, 
manganese, and quarry rock. 

Geology of the Country around Dungannon. A. Fow ter and J. A. Rossiter. 
Pp. 274, pls. 14; figs. 22. Price, £1, 10s. Her Majesty's Stationery Office, Belfast, 
1961. Since the 1871-1877 survey several deep boreholes have indicated that no 
coal of economic importance occurs east of Calisland; however, much new informa- 
tion was gained about the Tertiary clays. 

Wells Drilled Into Precambrian Rock in Kansas. V. B. Corr, D. F. Merriam, 
P. C. Franks, W. W. Hamsteton, and P. L. Hitpman. Pp. 169. Appro.x- 
imately 2100 wells have been drilled into the Precambrian basement in Kansas 
through 1960. 


Bol. 27. Estudos, Notas e Trabalhos dos Servicos de Geologia e Minas de 
Mocgambique. Pp. 92; pls. 11. Lourengo Marques, 1961. This issue contains 
articles on the fossils from Chalala and Mangulane, the pegmatites being mined at 
Alto Ligonha, the geology of Mt. Muambe, and the geology of Inhaca Island. 


Availability of Ground Water in the Albuquerque Area, Bernalillo and 
Sandoval Counties, New Mexico. L. J. Byorktunp and B. W. MaxweLt. Pp. 
117; pls. 6; figs. 13; thls. 8. Technical Rept. 21, New Mexico Geological Survey, 
Sante Fe, 1961. The Albuquerque area lies in the Rio Grande depression, a series 
of grabens filled with more than 6000 feet of Tertiary unconsolidated sediments and 
volcanics. All large water wells are drilled into the sedimentary rocks. 

The Jurassic Sequence at Kawhia Harbour, New Zealand. C. A. FLEMING and 
Davip Kear. Pp. 50; figs. 16; thls. 3; maps 4. Price, 14s. Bull. n.s. 67. New 
Zealand Geological Survey, Wellington, 1960. Sixteen formations in 4 groups are 
correlated across Kawhia Harbour for the first time, establishing the stratigraphic 
relationship between the south shore section and the well known ammonite beds 
on the north shore. 


Mining Operations in 1959. Compiled by staff of Mines Inspection Branch. 
Pp. 140. Vol. LXIX, Pt. 2, 1960, Ontario Department of Mines, Toronto, 1961 
A brief history of each company and a list of its properties precede production 
notes for 1959, 

The Sillimanite Deposits in Namaqualand Near Pofadder. VD. H. ve J acer and 
J. W. von BackstrOm. Pp. 49; pls. 9; figs. 8; tbls. 10. Price, 45 cents. Geo- 
logical Survey Union of South Africa, Pretoria, 1961. The ore is a corundum- 
sillimanite rock with an Al,O, content of 58 to 84% and was probably formed by 
the ultrametamorphism of a bauxite without the addition of material from outside. 
Shallow Outwash Deposits in the Huron-Wolsey Area Beadle County, South 
Dakota. I. R. Warker. Pp. 44; figs. 8; tbls. 2. Rept. of Investigations 91, 


South Dakota Geological Survey, Vermillion, 1961. About 73 square miles of the 
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area, which is in the James Basin, are underlain by 30 feet or more of glacial 
outwash. 
Geologic Map of Washington. Scale 1/500,000. Colored. Price, $3.00. 
Washington Department of Conservation, Olympia, 1961. About 150 sources were 
used in compiling the map; 104 units are shown. 

Geological Survey of Alabama—University, 1960-1961. 
Bull. 69. Petrographic Study of the Crystalline Rocks from the Opelika 
Quadrangle, Alabama. H. R. Berguist. Pp. 44; figs. 18. During the Ap- 
palachian orogeny great belts of already metamorphosed Precambrian rocks were 
subjected to folding and overthrusting. Retrogressive metamorphism occurred in 
a number of the rocks, especially in schists which had formed from gneisses. 
Bull. 70. Russellville Brown Iron Ore District Franklin County, Alabama. 
E, F. BurcuHarp. Pp. 96; pls. 15; map, scale 1/24,000. This report was written 
in 1934 and has been published posthumously with an introduction and annotations 
by H. D. Pallister. Nearly all of the ore deposits are in the contact zone between 
the Bangor limestone and the Tuscaloosa formation. 
Annual Reports for the Fiscal Year October 1, 1959—September 30, 1960. 
W. B. Jones. Pp. 34; figs. 6. 
Information Series 23. Interim Report on Ground-Water Studies in the 
Athens Area, Alabama through January 1960. W. M. McMaster. Pp. 72; 
pls. 4; figs. 18; thls. 3. Map, 1 inch/ 1 mile. Ground water in the Fort Wayne 
chert, the most important aquifer in the area, occurs in weathered porous zones 
from which calcareous materials have been leached, leaving an open skeletal net- 
work of chert. The water has a low chloride content and has an average hardness 
of 56 ppm. 
Information Series 24. Interim Report on the Geology and Ground-Water 
Resources of Morgan County Alabama. C. L. Dopson and W. F. Harris, Jr. 
Pp. 128; figs. 3; tbls. 2; map, scale 1/62,500. The most productive aquifers in the 
county occur in limestones. The water is relatively hard. Less than 10 million 
gallons of groundwater are used daily, and several times this amount could be 
obtained from existing wells. 

Australia Bureau of Mineral Resources, Geology and Geophysics— 

Canberra, 1960-1961. 


The Australian Mineral Industry—Quarterly Review and Quarterly Statistics, 
Vol. 13, No. 4. Pp. 22; tbls. 10. 


Rept. 54. Catalogue of Type and Figured Specimens in the Commonwealth 
Palaeontological Collection, Canberra. Irene Crespin. Pp. 93. A listing of 
over 3,000 primary or supplementary type specimens listed and arranged in alpha- 
betical order in thew appropriate larger biological groups. 

Bull. 59. Marine Fossils from the Upper Jurassic and the Lower Cretaceous 
of Dampier Peninsula, Western Australia. R. O. BRUNNscHWeEILER. Pp. 52; 
pls. 3; figs. 30. New paleontological evidence indicates that a mid-Cretaceous 
transgressive phase of the circum-Australian seas resulted in the final in-filling of 
the Great Artesian Basin and its outliers 

Georgia Department of Mines, Mining and Geology—Atlanta, 1961. 

Bull. 69. Chemical Quality of Water of Georgia Streams, 1957-58. R. N. 
Cuerry. Pp. 100, figs. 38; tbls. 4. Water of most of the streams in the state is 


soft and is low in mineral content—hardness is usually less than 60 ppm and 
mineral content is usually less than 100 ppm. 
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Circ. 1. Publications on the Geology and Mineral Resources of Georgia. 
Pp. 9; map, scale 1/1,000,000. 
Circ. 2. Directory of Georgia Mineral Producers. Pp. 47; figs. 3; tbl. 1. 
Gives address of each producer and the location of his mine. 

Illinois Geological Survey—Urbana, 1961. 
Rept. of Investigations 215. Caves of Illinois. J. H. Brerz and S. E. Harris, 
Jr. Pp. 87; pls. 10; figs. 19. Most of the caves are concentrated in the non- 
dolomitic carbonates of southern and southwestern Illinois. The large network 
caves formed beneath the water table. The older caves record five geomorphic 
events: good ground water circulation, peneplanation, rejuvenation, valley aggrada- 
tion, and the present stage of rejuvenation. 
Shipping Coal Mines in Illinois. J. A. Simon. Map, scale 1/500,000. The 
map indicates shipping coal mines and local mines with more than 25,000 tons 
production in 1960. 
Mineral Industries of Illinois. Map showing location of mineral and petroleum 
industries within the state as of January, 1961. 


Montana Bureau of Mines and Geology—Butte, 1961. 
Bull. 22. Montana Mining Law. K.S. Strout. Pp. 76; figs. 30; tbls. 3. Map, 
scale 1/1,000,000. Price, $1.75. This up-to-date review of the laws of the United 
States and Montana is intended to serve both laymen and lawyers as a guide in 
mine location work and mining law. 


Bull. 23. Progress Report on Geologic Investigations in the Kootenai-Flat- 
head Area, Northwest Montana. 3. Northern Lincoln County. W. M. Jouns. 
Pp. 57; figs. 10; maps 6, scale one inch/1 mile. Precambrian Beltian sediments 
were broadly folded during the Laramide orogeny and thus faulted. Base metal 
lodes are associated with Precambrian metadiorite sills and Purcell basalt, and a 


Tertiary acidic intrusive. Faults provide structural control for some of the 
deposits. 


United Nations Economic Commission for Asia and the Far East— 
United Nations, New York, 1960. 

Mineral Resources Development Series 12. Proceedings of the United Na- 
tions Seminar on Aerial Survey Methods and Equipment (Held at Bangkok, 
4 January to 5 February 1960). Pp. 167; figs. 43. Price, $3.00. Aerial photog- 
raphy, photogrametric mapping, photo interpretation, and airborne geophysical 
techniques are discussed for the benefit of underdeveloped nations. 
Mineral Resources Development Series 13. Mining Developments in Asia and 
the Far East 1958. Pp. 37; tbls. 42. Price, $1.50. The 1958 recession caused 
declining production of most ores except bauxite which was discovered in British 
Bornea. A 3% increase in copper ore production was due to increased activity in 
the Philippines. 
Mineral Resources Development Series 14. Copper, Lead and Zinc Ore Re- 
sources of Asia and the Far East. Pp. 63; figs. 10; tbls. 52. Price, $2.00. 
Asia is about the least important continent as far as the production of copper, lead 
and zinc ores is concerned. The Cu, Pb and Zn production and potentialities of 
each of the 12 countries or territories are discussed. 


U. S. Geological Survey—Washington, D. C., 1960-1961. 


Bull. 1043-D. Isopach Mapping by Photogeologic Methods as an Aid in the 
Location of Swales and Channels in the Monument Valley Area, Arizona. 
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[. J. Wirkinp, W. R. Hempnicri, C. L. Prttmore and R. H. Morris. Pp. 28; 
pls. 3; figs. 9. Jsopach maps made by photogeologic methods compared with 
one tsopach map and one channel map that prepared by field methods. The 
photogeologic isopach map dilineated both the swales and the channels, suggesting 
that photogeologic methods are adequate for use in defining swales similar to those 
in the Monument Valley area. Limitations of the method are also discussed. 


Bull. 1058-I. Tofty Tin Belt Manley Hot Springs District, Alaska. R. G. 
WAYLAND. Pp. 50; pls. 4; fig. 1; thls. 4; map 1, scale 1/96,000. Occurrence and 
exploitation of cassiterite-bearing gold placer deposits. 

Bull. 1070-C. Distribution of Uranium in Rocks and Minerals of Mesozoic 
Batholiths in Western United States. E. S. Larsen, Jr., and Davip Gorrrrien. 
Pp. 40; figs. 4; tbls. 38. Fluorimetric analyses indicate that during magmatic 
differentiation uranium increases from 0.5 ppm in gabbroic rocks to 4 ppm in 
quartz monzonites and then decreases in late differentiates. The analyses do not 
fall on smooth variation curves as do the major constituents. 


Bull. 1071-F. Corals from Well Cores of Madison Group, Williston Basin. 
W. J. Sannoo. Pp. 157-190; pls. 13-20; figs. 16-17. Price, $1.00. Because of 
strong facies control and long stratigraphic range, corals of the Madison group are 
not very useful horizon markers for detailed correlation in the Williston Basin, 
Bull. 1071-I. Surficial Geology of the Kingston Quadrangle Rhode Island. 
C. A. Kaye. Pp. 55; figs. 17; pls. 3. Maps 3, scale 1/24,000. The two drifts in 
the area are believed to have been deposited by two lobes of the same Wisconsin 
(Cary?) ice sheet whose flow paths crossed different rock terranes. 

Bull. 1081-C. Geology of the Maddux Quadrangle Bearpaw Mountains Blaine 
County, Montana. Bruce Bryant, R. G. Scumipt, and W. T. Pecora. Pp. 91- 
116; pls. 3; figs. 10. Exploration for gas and petroleum is active in this area 
mainly in response to production at shallow depths from the Bowes dome, located 
20 miles to the north of this quadrangle. 


Bull. 1081-D. Stratigraphy and Structure of the House Rock Valley Area 
Coconino County, Arizona. J. D. Weis. Pp. 41; pls. 2; figs. 2. 


Map, scale 
1/62,500. Price, 75 cents. The tectonic structures—folds, faults and joints—are 
typical of those elsewhere on the Colorado Plateau. No ore deposits are known 
to exist in the area. 


Bull. 1081-E. Geology of the Lloyd Quadrangle Bearpaw Mountains Blaine 
County, Montana. R. G. Scumipt, W. T. Pecora, Bruce Bryant, and W. G. 
Ernst. Pp. 29; pl. 1; fig. 1; tbl. 1. Map, scale 1/31,680. This report describes 
the petrology and structure of the alkalic rocks of the Bear Paw Mountains and 
the Great Plains immediately to the north. Mineral resources include natural gas 
and minor amounts of bentonite, lignite, and low rank coal and veins of argentifer- 
ous galena, pyrite, and chalcopyrite. 


Bull. 1081-F. Geology of the Southern Part of the Lemhi Range, Idaho. 
C. P. Ross. Pp. 71; pls. 4; fig. 1; tbls. 3. Map, scale 1/62,500. Precambrian 
and Paleozoic sediments have been arched and, locally, completely folded, probably 
in several pulses of deformation. The whole assemblage has been broken by steep 
thrusts and then refolded. Mining of the lead, zinc, and copper replacement de- 
posits in carbonate rocks is now inactive. 


Bull. 1081-G. Stratigraphy of the Wichita Group in Part of the Brazos 
River Valley North Texas. P. T. Starrorp. Pp. 19; pls. 2; figs. 1. Map, scale 


. : ; ¥ “ 
1, 125,000. Pennsylvanian and Permian strata have a regional dip of less than 1 
tothe WNW. The Cretaceous rocks seem to have been even less deformed, 
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Bull. 1082-J. Geology and Mineral Deposits of the Carlile Quadrangle Crook 
County, Wyoming. M. H. Bercenpaur, R. E. Davis, and G. A. Izerr. Pp 
193; pls. 6; figs. 7; tbls. 4. Map, scale 1/24,000. High valent uranium and 
vanadium im the Lakota formation were precipitated from ground water and re- 
duced to a low valent oxide and siiicate assemblage. Bentonite has been mined 
from the Mowry shale. Petroleum exploration has been unsuccessful to date. 


Bull. 1082-L. Tertiary Geology and Oil-Shale Resources of the Piceance 
Creek Basin Between the Colorado and White Rivers Northwestern Colorado. 
J. R. Donnett. Pp. 54; pls. 12; figs. 3; thls. 5. Map, scale 1/125,000. All of 
the richer exposed oil-shale beds are found on the Parachute member of the Green 
River formation. Oil reserves are estimated to total more than 1.3 billion barrels 
Bull. 1084-J. A Constant-Feed Direct-Current Arc. C. S. ANNELL and A. W. 
Heitz. Pp. 19; figs. 9; thls. 3. Price, 15 cents. A study of methods for introduc- 
ing samples into a d-c arc, accompanied by low fractional distillation 

Bull. 1091. Investigations of Some Clay Deposits in Washington and Idaho. 
J]. W. Hosterman, V. E. Scueip, V. T. ALLEN, and I. G. Soun. Pp. 147; figs. 4; 
thls. 4; maps 9. Three types of clay were investigated: 1) residual clay from 
Columbia Plateau basalts, 2) residual clay from granodiorite, and transported clay 
from granodiorite It is estimated that about 300,000 tons of clay containing not 
more than 20 per cent available alumina occurs in eastern Washington and northern 
daho., ‘ 

Bull. 1100. Uranium and Other Metals In Crude Oils. Pt. A. Methods of 
Analysis for Uranium and Other Metals in Crude Oils, With Data on Reli- 
ability. C. A. Horr, A. T. Myers, and P. J. Dunton. Pp. 15; tbls. 7. Methods 
used for the study of samples described in Pt. A. the modified A.S.T.M. 
method of dry ashing the oil, the fluorimetric determination of uranium and the 
semiquantitative spectrochemical determination of the other metals present. 


Pt. B. Distribution of Uranium and Other Metals in Crude Oils. H. | 
Hypen. Pp. 80; pls. 3; figs. 39; tbls. 8. Only vanadium, nickel and, to a lesser 
extent, molybdenum are significantly concentrated in the ash of crudes of the 
western United States. Uranium is not concentrated in the ash, but tests indicate 
that crude oil can leach uranium from sandstone, but the chemical process is 
unknown, 


Bull. 1102. Stratigraphy and Refractory Clayrocks of the Dakota Group 
Along the Northern Front Range, Colorado. K. M. WaAaAcé. Pp. 154; pls. 8; 
figs. 13; tbls. 2. 2 maps, scale 1/12,000. Refractory clay rock deposits are limited 
to the deltaic facies of the uppermost part of the South Platte formation. 

Bull. 1123-A. Geology of the Dubuque South Quadrangle lowa-Illinois. 
C. Ervin Brown and J. W. Wuititow. Pp. 93; pls. 7; figs. 18. Map, scale 
1/24,000. Mining of galena started in 1690 in this quadrangle and has continued 
until the present. Drilling has proved that mineralized and altered rock similar to 
that near pitch-and flat deposits occurs in the Decorah and Galena formations 
in Lowa, 


Bull. 1146-A. Geophysical Abstracts 184 January-March 1961. |. W. CLarke, 
D. B. Virattano, V. S. Neuscuet, and others. Pp. 178. Abstracts of current 
literature pertaining to the physics of the solid earth and to geophysical exploration. 
Water-Supply Paper 1369-C. Surges in Natural Stream Channels. 5S. E. 
Rantz. Pp. 13; figs. 4; thls. 2. Price, 15 cents. The investigaiion of the travel 
of surges in a natural stream channel permitted a close agreement between the 
computed and recorded downstream hydrographs 
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Water-Supply Paper 1459-H. Microbiologic Factors in the Solution and 
Transport of Iron. E. T. Osorn and J. D. Hem. Pp. 213-235; figs. 219-220; 
tbls. 8. Price, 15 cents. Solutions leached from substrata by soil microbiota under 
different conditions of time, admixture, and temperature contains 1 to 8 ppm of iron. 


Water-Supply Paper 1533. Reconnaissance of Ground-Water Resources in 
the Blue Grass Region Kentucky. W. N. Pacmgutst, Jr. and F. R. Hatt, 
Pp. 39; pls. 3; figs. 8; tbls. 4. The most favorable areas for water wells are 
underlain by massive limestone formations. The water is generally of the calcium 
bicarbonate type and is very hard. 


Water-Supply Paper 1535-A. Ammoniated Thermal Waters of Lake and 
Colusa Counties California. C. E. Ronerson and H. C. Wuireneap. Pp. 11; 
figs. 3; tbls. 2. Price, 15 cents. The nitrogen compounds show progressive 
oxidation downstream from spring orifices accompanied by a decrease of bicar- 
bonate. 

Water-Supply Paper 1535-B. Geologic Control of Mineral Composition of 
Stream Waters of the Eastern Slope of the Southern Coast Ranges California. 
G. H. Davis. Pp. 80; figs. 6; tbls. 2. Price, 20 cents. The ratio of bicarbonate 
in stream waters is related to lithology of the watershed. 


Water-Supply Paper 1535-C. Calculation and Use of Ion Activity. J. D. 
Hem. Pp. 17; pl. 1; figs. 2; thls. 3. Proc by which natural water acquires 
or relinquishes solutes, in relation to ionic activity. 

Water-Supply Paper 1535-D. Calcium Carbonate Saturation in Ground 
Water, from Routine Analyses. W. Back. Pp. 14; pl. 1; figs. 3; tbls. 2. 
Price, 45 cents. Theoretical calcium-ion concentrations are calculated for 25 chem- 
ical analyses of water samples collected from limestone terranes. 

Water-Supply Paper 1539-A. Exploratory Drilling for Ground Water in the 
Mountain Iron-Virginia Area St. Louis County, Minnesota. R. D. Correr and 
J. E. Rocers. Pp. 13; pls. 2; figs. 2; thls. 2. Map, scale 1/24,000. Within the 
area about 50 square miles are underlain by deposits of 20 feet or more in thickness 
of glacioaqueous sediments that are a large potential source for additional water 
supplies 

Water-Supply Paper 1539-B. Jet Drilling in the Fairbanks Area Alaska. 
D. J. Ceperstrom and G, C. Tissitts, Jr. Pp. 28; figs. 8. The report describes 
the construction and operation of an experimental jet-drilling machine in a sub- 
arctic area. It is concluded that this method is practical for this area. 


Water-Supply Paper 1539-D. Correlation of Ground-Water Levels and Air 
Temperatures in the Winter and Spring in Minnesota. Rosert SCHNEIDER. 
Pp. 14; figs. 6. The winter decline of the water table is probably caused by the 
upward capillary movement of moisture, resulting in accretion to the frost layer 
from below. 

Water-Supply Paper 1539-I. Evaluation of Bank Storage Along the Colum- 
bia River Between Richland and China Bar, Washington. R. C. Newcoms 
and S. G. Brown. Pp. 12; figs. 5. Price, 15 cents. A study of the amount of 
water placed in bank storage during the annual flood rise. 

Water-Supply Paper 1540-B. Concentration Method for the Spectrochemical 
Determination of Minor Elements in Water. W. D. Sirvey. Pp. 10; fig. 1; 
thls. 7. The chemical procedure involves the concentration of the trace metals 
through the use of selected chelating agents. The procedure is effective for copper, 
iron, manganese, aluminium, lead, chromium, and sinc. 
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Water-Supply Paper 1593. Simplified Methods for Computing Total Sedi- 
ment Discharge with the Modified Einstein Procedure. B. R. Cotny and D. W. 
Huppett. Pp. 17; pls. 8; tbls. 1. Each of four nomographs appreciably simplifies 
a major step in the computations. The results are nearly as accurate as the longer 
more complex computations of the Einstein procedure. 

Water-Supply Paper 1602. Effect of Reforestation on Streamflow in Central 
New York. W. J. ScuNeiper and G. R. Ayer. Pp. 61; figs. 34; tbls. 11. 
Significant reductions in total runoff were attributed to increases in interception 
and transpiration in the reforested areas. Reductions in peak discharges were 
caused by increased interception and sublimation of snowfall and a gradual desyn- 
chronization of snowmelt runoff from the wooded and siighily open areas. 
Topographic Instructions of the U.S. Geological Survey. Planimetric Map 
Compilation with Trimetrogon Photographs. lp. 28; figs. 11; tbls. 2. Chart 1. 
Price, 30 cents. Jnstructions for compiling planimetric information upon a radial- 
triangulation base by both the skethmaster and stereoblique systems, 

Topographic Instructions of the United States Geological Survey. Kelsh 
Plotter Procedures. Pp. 29; figs. 13; tbls. 2. Price, 35 cents. Contains descrip- 
tion of the equipment and instructions for operating. 
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SOCIETY OF ECONOMIC GEOLOGISTS ' 


MEETING AT CINCINNATI, OHIO 


Che Society of Economic Geologists met at Cincinnati, Ohio, November 1-4, 
1961 rhe meeting was in conjunction with The Geological Society of America 
and Associated Societies Headquarters and all the S.E.G. technical session and 
social events were in the Netherland-Hilton Hotel 

On Wednesday afternoon and evening (November 1) the S.E.G. sponsored a 
symposium on “Chemical Weathering with Emphasis on Laterization.” The after- 
noon session was concerned largely with concepts of weathering and the results of 
experimental research rhe evening session, focussed on the character and geo- 
logic relationships of selected deposits of lateritic origin. 

Immediately after the afternoon session, members of the Society and guests met 
for cocktails and dinner in the Continental Room of the Netherland-Hilton 

In addition to the symposium, the Society sponsored two technical sessions 
dealing with a variety of topics: one ( Economic Geology 1) on Thursday, Novem- 
ber 2, the other ( Economic Geology Il) on Friday, November Z 

Details of the program schedules and abstracts of the papers presented are 
given below 

EUGENE N. CAMERON 
Secretary 


Wednesday Afternoon and Evening, November 1, 1961, North Hall 
Symposium on Chemical Weathering with Emphasis on Laterization 
Afternoon Session 
R. M. Garrels and F. C. Kruger, Co-chairmen 
2:00 C. E. Marshall: Reactions of feldspars and micas with aqueous solutions 
lr. Coleman: Decomposition of clays and the fate of aluminum 


J. J. Hemley: Alteration studies in the systems NazO-AleOs-SiOe-H2O and 
K2O-AlsOs-SiO2-H:20. 


Rustum Roy and D. B. Hawkins: Observations on products, kinetics, and 
mechanism of the synthesis and accelerated alteration of various rock 
ty nes 
~f 

4:00 Ranard J. Pickering: Some leaching experiments on three quartz-free 
silicate rocks and their contribution to an understanding of laterization. 


Discussion followed each paper. 
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vening Session 


Kruger and R. M. Garrels, Co-chairmen 


OO H.R. Hose: Jamaica type bauxites developed on limestones. 

25 John H. Moses and Wilson D. Michell: Bauxite deposits of British 
Guiana and Surinam in relation to underlying unconsolidated sediments 
suggesting two-step origin. 


R. H. Nagell 
deposit 
15 John C. Ruckmick 
Bolivar iron ores 
41) Helmuth Wedow, Jr.: “Laterization” of allanite in the Morro do 
rare-earth and thorium deposit, Pocos de Caldas Plateau, Brazil 
' 


Discussion followed each paper 


Serra do Navio manganese district; a residual lateritic 


Tropical weathering and the origin of the Cerro 


Ferro 


Thursday afternoon, November 2 


2, Pavillon Caprice 


Ikconomic Geology | 
Charles Meyer and William M. Fielder, Co-chairmen 


( After each paper 5 minutes were allowed for discussion. ) 
1. 2:00 Eugene A. Alexandrov: Sedimentary cycle of manganese and its prac 
tical implication 
Peter R. Buseck: Contact metasomatic ores at Concepcion del Oro, 
Mexico. 
John Drew Ridge: Gain and loss of material in a series of replacements 


L. T. Larson: Geology and mineralogy of certain manganese oxide de 


posits, Philipsburg, Montana. 

Taro Takahashi * and Clifford E. Myers: 
of the mineral assemblage at the Sterling Hill Mine, New Jersey. 
H. D. Wright,* C. M. Smith and J. J 
uranium in some sulfide minerals from vein deposits. 
\kio Tsusue 


Thermochemical interpretation 
Hutta: Role of trace amounts of 

Genesis of magnetite and pyrrhotite in pyritic deposits, 
Yanahara district, southwestern Japan. 


Carlyle Gray and Arthur A. Socolow *: Metasedimentary specularite 
deposit in the Harpers formation of Pennsylvania. 

W. W. Moorhouse: Replacement relationships in the Gunflint 
Formation, Port Arthur area. 


R. A. Zimmermann * and G. C. Amstutz: Sedimentary features in the 
\rkansas-Oklahoma barite district. 


[ron 


l‘riday afternoon, November 3, Hall of Mirrors 
| conomue Geology 1] 


I’. S. Turneaure and |. Ruben Velasco, Co-chairmen 

( After each paper 5 minutes were allowed for discussion. ) 

3:00 W. N. McAnulty,* C. R. Sewell, D 
Geology of the 
Mexico 


R. Atkinson, and J. M. Rasberry: 
\guachile beryllium-bearing fluorspar district, Coahuila, 


licates speaker 
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3:20 <A. A. Levinson: Beryllium-fluorine mineralization at Aguachile Moun- 
tain, Coahuila, Mexico 

3:40 Joel R. Shappirio,* and E. Wm. Heinrich: Uranium deposits of the 
Tallahassee Creek area, Fremont County, Colorado. 

4:00 Richard D. Harvey * and Charles J. Vitaliano: Wallrock alteration in the 
Goldfield district, Nye County, Nevada. 

20 W. E. Bryers * and C. H. Behre, Jr.: Mesa Central mineral province of 

Mexico. 


SYMPOSIUM PAPERS—ABSTRACTS 


ACTIONS OF FELDSPARS AND MICAS WITH AQUEOUS 
SOLUTIONS 


( I MARSHALI 


Dept. of Soils, University of Missouri, Columbia, Missouri 


Feldspars and micas, although very different structurally, possess a framework 
charge balanced by alkali or alkaline earth cations. Exchange reactions of exposed 
cations should therefore be important in both groups. The present work was de- 
signed to show how far normal exchange processes operate and what part is played 
by structural decomposition in the reaction of fresh surfaces with dilute aqueous 
solutions. 

Feldspars.—Microcline, albite, oligoclase, andesine, labradorite, bytownite and 
anorthite were ground in benzene. Various fractions, 0.54-54 in size, were 
treated with dilute acids or salt solutions. In the plagioclases the order of stability 
varied to some extent with the pH range used. Release of cations bore little 
relation to percentage content. In reactions with salt solutions, cations released 
were often in excess of those entering by exchange. Release was highly dependent 
on the previous history of the surfaces. The apparent exchange capacity varied 
greatly according to the cation used, being smallest for magnesium. The am- 
monium ion entered very vigorously and part became “fixed,” these peculiarities 
being most marked for bytownite. In the experiments with salt solutions the 
silica dissolved was very small, of the order of that from quartz. 

Vicas—Muscovite, rose muscovite, phlogopite, biotite, lepidomelane, margarite 
and a_ biotite-vermiculite were used. Exchange reactions with salt solutions 
showed much more “normal” characteristics than those of the feldspars. They 
were characterized by determining selectivity numbers for various pairs of cations 
and plotting them in relation to surface composition, just as is done for exchange 
resins. Cation activity measurements on suspensions were also made. The selec- 
tivity curves show the polyfunctional nature of micas as well as the strong tendency 
to fix certain cations like rubidium and cesium. 


DECOMPOSITION OF CLAYS AND THE FATE OF ALUMINUM 


N. T. COLEMAN 


North Carolina State College, Soils Dept., Raleigh, North Carolina 


\luminosilicate clay minerals found in acid soils have major proportions of the 
cation-exchange sites countered by aluminum ions; in most instances from 90 to 98 
percent of the exchange acidity can be attributed to aluminum, apparently present 
as Al™. 

Hydrogen-saturated clays prepared by treatment with mineral acids or H- 
exchange resins are not stable, but change spontaneously toward exchange-satura- 


* Indicates speaker 
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tion with” (and other lattice cations such as Mg”). The alteration rate varies 
with the nature of the clay and is greatly accelerated by a rise in temperature. 
Such clay decomposition, with the movement of lattice ions to exchange sites, 
proceeds so long as exchangeable hydrogen is present in appreciable amounts. In 
soil layers where biological activity is a factor, COz production by higher plants and 
microorganisms, along with nitrate and sulfate production, yields H-ions which 
displace metal cations such as Ca and Mg, resulting in further clay decomposition. 

Aluminum-saturated clays themselves are not stable: Al”*-ions on exchange sites 
may hydrolize to produce interlayer polymers, and Al*-ions displaced into a soil 
solution through ion-exchange hydrolize to form Gibbsite-like substances. Such 
hydrolysis reactions are accelerated in the presence of adsorbents and produce 
H-ions that promote further clay decomposition or are removed from a weathering 
zone by leaching or volatilization. Because of the hydrolysis and/or adsorption of 
Al-ions, it appears that significant amounts of Al can be transported through 
weathering zones only as complex ions or perhaps as protected sols. 


ALTERATION STUDIES IN THE SYSTEMS Na:O-ALO:-SiO.-H:O 
AND K:.O0-Al:0:-SiO.-H:0O * 


J. J. HEMLEY 


S$. Geological Survey, Denver, Colorado 


Hydrolysis reactions and mineral equilibria in the systems K2O-Al:Os-SiO:-H:O 
and NazO-Al:Os-SiO:-H:O were investigated at elevated temperatures and _ pres- 
sures. Most of the studies were conducted at 15,000 psi total pressure, tempera- 
tures from 200° to 500° C, and in aqueous chloride solutions. At high tempera- 
tures K and Na feldspars decompose to K and Na micas, respectively, plus quartz; 
mica in the presence of quartz decomposes to pyrophyllite. At low temperatures 
the feldspars alter to montmorillonite and montmorillonite decomposes to kaolinite. 
The reactions are controlled by temperature, pressure, and the alkali ion/H* ratio 
of the environmental solutions. Thus at 400° C the fields of stability of pyrophyl- 
lite, mica, and feldspar are successively traversed with increasing NaCl/HCl or 
KCl/HCI ratio of the solution. At low temperatures in the sodium-bearing system, 
zeolite-montmorillonite equilibria are also a function of the alkali ion/H”* ratio of 
the solution. The equilibrium ratios for these various reactions shift toward 
higher values with decreasing temperature, but the relative position of fields of 
stability remains the same. 


OBSERVATIONS ON THE PRODUCTS, KINETICS AND MECHANISM 
OF THE SYNTHESIS AND ACCELERATED ALTERATION 
OF VARIOUS ROCK-TYPES 


RUSTUM ROY AND D. B, HAWKINS 


> 


Room 122, Mineral Sciences Bldg., The Pennsylvania State University, University Park, Pa 


Experimental models used in the study of natural weathering processes must, 
of necessity, depart from the original in some way. Increasing the temperature is 
probably the simplest way in which reactions can be accelerated, although solution 
chemistry under even mild hydrothermal conditions cannot be extrapolated directly 
to ambient conditions. 

The influence of the composition of the “rock” (from granite to basalt) on the 
products of “alteration” by water and various solutions at temperatures from 150- 
400° C at approximately 1,000 bars pressure is summarized. The influence of the 
structure of the starting material, i.e. glassy versus gel versus crystalline as well as 
different crystalline assemblages, is very marked. Contrary to expectation glasses 


* Publication authorized by the Director, U. S. Geological Survey 
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and gels do not always react fastest: e.g. in muscovite formation corundum +4 
sanidine react faster than any other assemblage. The formation of the various clay 
minerals from tale through montmorillonoids, mixed-layer phases to “vermiculite” 
is shown to be mainly dependent on composition 

The steps in the “weathering” of a glassy rock are summarized and include the 
‘hydration’ of the glass as the first step. From a study of the kinetics of the 
diffusion, it is concluded that it is probably diffusion of HeO rather than H*, OH 
or HsO* that is involved. 

From a study of the textural relation of the products at various stages to the 
original material, as well as the influence of d-c electrical fields on the system, it 
has been concluded that a solution stage in alteration is essential to the process. 
rhis is confirmed in part by a study by artificial ‘doping’ of the original material 
with trace elements and studying their subsequent partition among product phases 


SOME LEACHING EXPERIMENTS ON THREE QUARTZ-FREE 
SILICATE ROCKS AND THEIR CONTRIBUTION TO 
AN UNDERSTANDING OF LATERIZATION 


RANARD J. PICKERING 


Stanford ltl niversity. Stanford. Caltfornia 


Leaching tests with solutions at several different pH’s in the natural pH range 

+ to 9) were performed on crushed latite, nepheline soda-andesite and peridotite 

at 35° C and 0° C. Both by immersing the rocks in the solutions and by allowing 

the solutions to percolate through the rock, enough more silica was removed than 

aluminum and iron to cause a considerable residual enrichment of the two metals. 

he amount of silica dissolved was much greater in slightly acid solutions than in 
neutral and slightly basic solutions. 

\ comparison of the results of recent solubility studies shows that the solubility 
differences between amorphous silica and the oxides of aluminum and ferric iron 
are sufficient to explain the observed results of the leaching experiments and to 
support the concept of laterization as a chemical process whereby silica is exten 
sively removed from silicate rocks by groundwater as a result of solubility differ 
ences, with the resulting residual concentration of aluminum and/or ferric iron. 
The greater amount of silica dissolved at acid pH’s than at neutral and basic pH’s 
probably represents a dependence on pH of the rate of decomposition of the rock, 
since the solubility of amorphous silica should be constant in the natural pH range 
These results suggest that acid groundwater is more effective in leaching silica 
from rocks during weathering than basic solutions, a conclusion which contradicts 
the widely accepted hypothesis that laterite is the result of leaching by a basic soil 
solution. This conclusion is supported by recent papers describing areas of con 
temporary laterization with acid soil solutions. The occurrence of gibbsite in 
temperate soils suggests that the only effect high temperatures have on laterization 
is to accelerate the chemical reactions involved. 


JAMAICA TYPE BAUXITES DEVELOPED ON LIMESTONES 


HOSE 


num Laboratories imitec Box 6090, Montreal 3, Quebec, Canada 


In tropical and sub-tropical climates limestones have weathered to lateritic soils 
or terra rossa and under certain circumstances bauxite, a laterite or residual rock 
in which the alumina monohydrate or trihydrate minerals, diaspore, boehmite and 
gibbsite predominate. Terra rossas are analogous to the residual kaolinic and 
halloysitic clays associated with bauxites derived from other rocks. Initially the 
reaction between carbon dioxide and water with sodium and calcium silicates in 
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rocks and the movement of the resulting sodic and calcic solutions produce lateriza- 
tion or bauxitization. Limestones contain only small quantities of NazO, SiQs, 
Fe:Os and AlkOs and the chief problem connected with the origin of terra rossas 
and bauxites is to explain how extremely pure calcareous limestones have 
weathered to good grade bauxites. Large deposits of gibbsitic bauxites, aggregat 
ing half a billion tons with 50 percent AlzOs are probably still forming on Tertiary 
limestones of Jamaica. Studies in Jamaica reveal a sufficient tonnage of limestone 
has been weathered since the Miocene to form the bauxites, where the amounts of 
the residual oxides in the limestones though small were in the proper ratio. Studies 
of the boehmite and diasporic bauxites of France and Greece indicate that these 
deposits formed initially like the gibbsitic Jamaican deposits. Changed climatic 
conditions or static metamorphism probably changed gibbsite to boehmite in the 
I‘rench bauxites and static metamorphism boehmite to diaspore in Greece and 
thermal metamorphism diaspore to corundum in some Greek and Turkish deposits. 
Malayan tourmaline-corundum rocks are probably hydro-thermal metamorphosed 
bauxites or terra rossas. 


BAUXITE DEPOSITS OF BRITISH GUIANA AND SURINAM 
IN RELATION TO UNDERLYING UNCONSOLIDATED 
SEDIMENTS SUGGESTING TWO-STEP ORIGIN 


JOHN H. MOSES AND WILSON D. MICHELI 
Geological Dept., Reynolds Metals Co., Richmond 18, la 


Deep core drilling and trenching in the bauxite mining area at Kwakwani, 
British Guiana, and at a locality in Surinam, have revealed layers of sedimentary 
materials—gravels, sands, lignite, and banded clays—attaining a thickness of as 
much as 110 feet between the bottom of the bauxite and the top of weathered 
basement rock. Also cited is a fossil gibbsitized tree root in white clay in the floor 
of a mined-out bauxite pit in Surinam. The possible significance of these features 
relative to the origin of the overlying bauxite is brought out. 

It is concluded that the bauxite in the areas in question, and possibly also many 
of the other bauxite deposits of the Guianas, were formed during a long still-stand 
by lateritic weathering of transported kaolin clays. The bauxite evidently did not 
originate from in situ weathering of the basement rocks. The clays which were 
bauxitized may have been segregated from most of the coarse quartz grains and 
other detritus derived farther inland by the initial weathering of the diverse 
assemblage of metamorphic, volcanic, and crystalline rocks of the Guiana Shield. 

The infrequency of natural exposures and the rarity of core drilling or deep 
excavation of the material underlying bauxite are mentioned to explain why various 
well-reasoned theories for the origin of the Guiana bauxites have given little 
credence to bauxitization of a layer of clay that was itself the transported, segre- 
gated, and widely spread product of weathering. 

The two-step origin is suggested to supplement rather than to conflict with the 
descriptions and credible explanations of origin by many previous writers. It is 
further suggested that the two-stage history may be the rule rather than the excep- 
tion, at least where bauxite is found vertically above basement granite. 


THE SERRA DO NAVIO MANGANESE DISTRICT: A RESIDUAL 
LATERITIC DEPOSIT 


R. H. NAGELI 
o Shenon and Full, 1351 South 2200 East, Salt Lake City 8, Utah 


The Serra do Navio district, in the Federal Territory of Amapa, Brazil, is 
producing more than 2,000 tons per day of metallurgical grade manganese ore. 
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Isoclinally folded Precambrian metasediments of the amphibolite facies of 
metamorphism contain interlayered protore horizons of manganese carbonate and 
gondite. Under conditions of tropical weathering, the host rocks have altered to 
clay to depths of more than 100 meters and the protores have oxidized to form 
residual lateritic deposits of manganese dioxide within the zone of weathering. 
Oxide ore formation is accompanied by enrichment of manganese through replace- 
ment of the principal impurities of iron, alumina, and silica in the protores. 
Migration of the manganese continues at present as illustrated by solution cavities 
filled with crusts of crystalline pyrolusite and colloform layers of cryptomelane. 
Granzon (concentrically layered pellets of impure pyrolusite) forms in the surface 
layers of red lateritic clay. The granzon becomes increasingly enriched in man- 
ganese as it increases in size. 

The protores originated as impure manganese carbonate sediments. During 
metamorphism, the carbonate combined with aluminous and siliceous impurities to 
form spessartite, rhodonite, and picrotephroite. Where carbonate was in excess 
of the impurities, rhodochrosite formed. Exposure of the protores to weathering, 
possibly during the Tertiary, was accompanied by oxidation, solution, migration, 
and redeposition of manganese. The manganese spread laterally near the surface 
forming a resistant capping; at depth, the oxide ore continues downward following 
former protore horizons to the lower limit of weathering. 


TROPICAL WEATHERING AND THE ORIGIN OF THE CERRO 
BOLIVAR IRON ORES 


JOHN C., RUCKMICK 


Cerro Bolivar, a high ridge in the savanna region of southeastern Venezuela, is 
underlain by recambrian ferruginous quartzites composed of fine-grained quartz, 
hematite, and magnetite with minor and variable amounts of silicates and carbonate. 
High grade “direct-shipping” iron ores are developed in the ferruginous quartzites 
by normal tropical weathering processes which remove silica and cause residual 
concentration of the relatively insoluble ferric oxides. 

Two broad physical types of ore are recognized: hard “crustal” ores and friable 
“fines” ores. The crustal ores mantle all portions of the orebodies to an average 
depth of 15 meters. Generally they are composed of primary grains of hematite, 
remnant from the ferruginous quartzites, well cemented. by a porous matrix of 
secondary goethite. The friable ores are developed below the crustal ores to depths 
as great as 250 meters and are composed of primary grains of hematite with gen- 
erally minor but variable amounts of primary quartz and little or no secondary 
goethite cement. The amount of secondary goethite in the ores is inversely pro- 
portional to the depth from the surface because the dissolution and transport of the 
ferric oxide is dependent upon organic material derived from vegetation at the 
surtace. 


A quantitative relationship between the rates of removal of silica versus iron 


oxides from the ferruginous quartzites, the key to the origin of the ores, can be 


provided by analyses of spring waters emerging along the lower flanks of the 
orebodies. An extensive program of sampling these waters is in progress at this 
time. Ths relatively few analyses available have an average pH of 6.1 and contain 
an average of 7 ppm SiO: and 0.06 ppm Fe. If it is assumed that the available 
analyses are representative, a rate of removal of SiOz approximately 80 times 
greater than FesOs is indicated. Extrapolating the present climatic conditions, this 
rate suggests that the Cerro Bolivar ores have been developing for approximately 
26 million years, or since the Oligocene 
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“LATERIZATION” OF ALLANITE IN THE MORRO DO FERRO 
RARE-EARTH AND THORIUM DEPOSIT, POCGOS DE 
CALDAS PLATEAU, BRAZIL 


HELMUTH WEDOW, JR. 


S. Geological Survey, Knoxville, Tennessee 


A large radioactive deposit at Morro do Ferro on the Pocos de Caldas Plateau 
of Brazil consists chiefly of a compact clayey saprolite. It appears to have been 
derived by the laterization of syenitic rocks that were locally enriched with thorium 
and rare earths during or following the emplacement of a magnetite stockwork. 
The depth of the saprolite may exceed 100 meters. Feldspar phenocrysts of the 
original rock are completely kaolinized; gibbsite and limonite are prominent con- 
stituents of some samples. Some magnetite has been oxidized to hematite, and 
eluvial concentrations of these iron minerals locally mask parts of the deposit. 
Thorogummite, bastnaesite, and allanite are the only minerals thus far identified 
that contain rare earths and thorium. The bulk of these elements appears to occur 
in a yellowish- to reddish-brown claylike material similar to that described by 
Watson in 1917 as a weathering product encrusting allanite in pegmatites in 
Virginia, U.S.A. 

The few data available on the relative abundances of rare earths at Morro do 
Ferro show that the cerium earths predominate over the yttrium earths by an 
average ratio of about 20:1. In addition, lanthanum has been selectively enriched 
relative to the remaining rare earths. This enrichment is ascribed to the forma- 
tion of the insoluble hydroxide, La( OH )s, along with Al and Fe hydroxides during 
the laterization of the allanite. The bastnaesite and thorogummite are probably 
also weathering products of the allanite. 


THE SEDIMENTARY CYCLE OF MANGANESE AND ITS PRACTICAL 
IMPLICATION 


EUGENE A. ALEXANDROV 
Dept. of Geology, Columbia University, New York City 


The sedimentary metallogenetic epochs of manganese are characterized by the 
maximum accumulatior of reserves during the Late Precambrian and Oligocene 
time, aggregating 26 and 49% of the world reserves, respectively. The remainder 
was deposited during six other epochs under favorable paleogeomorphological and 
paleoclimatic conditions. 


Soluble organic compounds derived from decaying plants are the major factor 
in leaching of the rocks. The infrared spectra indicate that organic compounds 
form complexes and chelates with manganese. The pH and Eh of the leaching 
solutions are modified by the biogenetic activity, depending on temperature condi- 
tions. The change of the ratio of manganese to iron is a function of temperature 
and time. This function depicts the process of separation of manganese from iron, 
and may be represented graphically by a three-dimensional spiral curve. During 
weathering manganese is removed after the leaching of alkalies and alkaline earths, 
and precedes the removal of iron. The manganese complexes are oxidized on their 
way to the basins of deposition which they reach mainly in the form of pelitic 
material. The final form of sedimentary minerals depends predominantly on the 
environment in the sediment during diagenesis which is independent of the pH and 
Eh of the water in the basin. 

New metallogenetic provinces can be discovered in sediments contemporary 
with favorable metallogenetic epochs. The geochemical abundance of manganese, 
and the presence of cherty and ferruginous formations are guides in manganese 
prospecting. 
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CONTACT METASOMATIC ORES AT CONCEPCION DEL ORO, 
VEXICO 


PETER R. BUSECK 


Columbia University, New York 27, New York 


Concepcion del Oro, in Zacatecas, is the third largest copper producer in 
Mexico. Primary chalcopyrite and cupriferous pyrite, as well as abundant mag- 
netite and hematite, occur in a garnet-diopside-wollastonite-idocrase-scapolite skarn 
surrounding a granodiorite stock. Magnetite is generally the earliest mineral, only 
rarely preceded by pyrite. Chalcopyrite and specularite are everywhere later. 
Locally specularite was replaced by magnetite, which in turn was partially replaced 
by a powdery hematite (martite). Powdery hematite also replaced the early 
magnetite. The repetitive magnetite-hematite cycles suggest fluctuations of PpO: 
and temperature. (Quartz was one of the last minerals deposited. Fluid inclusion 
filling measurements, corrected for pressure, indicate a formation temperature of 
350° + 25°, the approximate minimum temperature of mineralization. The upper 
temperature limit is somewhat below 510°, the estimated maximum temperature at 
the igneous contact. The K-A age of biotite from the intrusion is 40 m.y.; the 
K-A age of sodium-free adularia crystals (younger than almost all, if not all, of 
the metallic minerals) is 38 m.y. (ago determinations by Stanley Hart). Both 
ages are accurate to +3%. Because of A leakage from feldspar, 38 m.y. is prob- 
ably a minimal figure. Mineralization is thus almost contemporaneous with the 
emplacement of the stock, as also indicated by field relations. It is suggested that 
this and similar contact metasomatic ore deposits should be viewed as conventional 
hydrothermal deposits rather than being placed in a separate genetic class. 


GAIN AND LOSS OF MATERIAL IN A SERIES OF REPLACEMENTS 


JOHN DREW RIDGE 


207 Mineral Sciences Building, University Park, Pennsylvania 


rhe system of writing equations for replacement reactions in which balance is 
achieved both as to electronic charges and volume of materials involved can be used 
to determine the net gains and losses of specific ions in any sequence of replace- 
ments encountered under natural conditions. One of the examples discussed is the 
series of reactions that occurs when pyrite is replaced successively by chalcopyrite, 
bornite, and chalcocite. The following equations show the volumetrically balanced 
reactions for each of the steps involved: 


(1) 41FeSe + 23CuS:* + 574Fe”* + 328H:O 
(1618.68 A*) 
23FeCuS: + 592Fe* + 82SO.°* + 656H” 
(1626.1 A*) 
2) 23 eCuS: + 27CuS:* + 440Fe* + 240H:O 
10FeCu'Cu’Si + 453K e” + 60SOc* + 480H" 
{ 1632.10 A*) 


) 10FeCu’Cu®Ss + 22CuS:* + 353Fe* + 192H:O 
= 36CueS + 362Fe* + 48SO.° + 384H". 
(1639.44 A*) 
Che volume difference between the initial guest and the final host is 20.76 parts 


in 1618.68 or a percentage increase of 1.28. The small variance in volume could 
be eliminated by increasing the quantities and changing the proportions slightly, 
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but equations even more closely in balance volumetrically would be more cumber 
some and would not appreciably modify the conclusions reached as to the total gains 
and losses in the series of reactions. 

Other series of reactions, the effects of smaller amounts of available Fe’, the 
development of S:”, the results of the oxidation of sulfur and the concomitant 
reduction of metal ions, and application of the method to wall-rock alteration re- 
actions are also considered. 


GEOLOGY AND MINERALOGY OF CERTAIN MANGANESE OXIDI 
DEPOSITS, PHILIPSBURG, MONTANA 


L. T. LARSON 


Department of Geology, University of Wisconsin, Madison 6, Wisconsin 


Mineragraphic and X-ray studies of battery reactive manganese oxide ores from 
the Philipsburg District indicate that the manganese oxide minerals, in order of 
decreasing abundance, are cryptomelane, Nsuta MnO:, pyrolusite, todorokite, chal 
cophanite, manganite, hydrohetaerolite, birnessite (?), and coronadite. Impurities 
include quartz, muscovite, montmorillonite-illite, goethite, and calcite. 

The oxide ores are secondary in origin and have formed by replacement of 
rhodochrosite, replacement of earlier secondary oxides, cavity filling, and residual 
accumulation. Cryptomelane, Nsuta MnOs:, todorokite, pyrolusite, and manganite 
are found in ores formed by cavity filling and replacement. Chalcophanite and 
birnessite (?) are restricted to ores formed by cavity filling. 

There is no fixed paragenetic sequence of oxide formation. In general, early 
formed oxides include manganite, Nsuta MnQO:, cryptomelane, and _pyrolusite. 
Oxides intermediate in age include cryptomelane and todorokite. Chalcophanite 
and certain stages of pyrolusite, cryptomelane, and manganite are late relative to 
other oxides. 

Mineralogic differences in the oxide ores can be related to their mode or modes 
of formation and to factors which determine the extent of oxidation. These factors 
include the local lithology of the host rock, depth, subsurface solution passageways, 
the water table, and local differences in the composition of ground waters 

Comparison of the battery grade ores from Philipsburg with those of the Nsuta, 
Ghana, deposits as described by Sorem and Cameron (1960) suggests that 
abundant Nsuta MnOs and cryptomelane, general fineness of grain size and fine 
scale intermixture of oxide minerals are desirable characteristics in battery re 
active ores. 


THERMOCHEMICAL INTERPRETATION OF THE MINERAL 
ASSEMBLAGE AT THE STERLING HILL MINE, NEW JERSEY 


TARO TAKAHASHI AND CLIFFORD E. MYERS 
State University of New York, College of Ceramics at Alfred University, Alfred, Nez 


a Y ork 


The unique mineral assemblage of various silicates, oxides and carbonates at the 
Sterling Hill Mine, New Jersey, has been studied from the viewpoint of chemical 
thermodynamics. The temperature and the partial pressures of carbon dioxide, 
oxygen and water under which the deposit was formed, have been deduced. Ab- 
sence of wollastonite in the ore body indicates the maximum temperature of forma 
tion to be 680° C, whereas the common occurrence of tephroite indicates the min 
imum temperature to be 530° C. The absence of rhodochrosite and occurrence of 
calcite limit the partial pressure of carbon dioxide to a maximum of approximately 
1,000 atm. 
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ROLE OF TRACE AMOUNTS OF URANIUM IN SOME SULFIDE 
VINERALS FROM VEIN DEPOSITS 


H, D. WRIGHT, C. M. SMITH, AND J. J. HUTTA 
Department of Mineralogy, The Pennsylvania State University 


Several base metal sulfide minerals associated with uraninite in vein deposits 
have been found to contain uranium in surprisingly large amounts, ranging up to 
several thousand parts per million. Crystal chemical considerations indicate that 
this element should not easily enter the lattice of any of these minerals. The role 
of the uranium in the sulfides was investigated in detail in an effort to evaluate its 
relationship to the uranium content of the ore-forming solution. 

The amount and distribution of uranium was determined in 270 samples of 
pyrite, sphalerite, and galena from uranium-bearing veins of the western United 
States. A test of Poisson distribution of alpha tracks in autoradiographs provided 
a means for establishing homogeneity of uranium distribution. indicative of incorpo- 
ration during crystallization. Homogeneously distributed uranium was found to 
be limited to sulfides with less than 80 ppm. Similar upper limits in the three 
sulfides, together with experimental data cited, suggest that the homogeneously 
distributed uranium entered the minerals by adsorption during crystallization, 
rather than by incorporation in the structure. 

The usefulness of trace elements in minerals has been seriously handicapped by 
a lack of means for establishing their role—whether in foreign matter included 
during crystallization, incorporated in the lattice or adsorbed during crystal growth, 
or introduced subsequently by replacement or filling of open space. Radioisotopes 
can be a powerful aid in evaluating trace elements through studies of synthetic 
minerals and, in certain cases, of natural minerals by radioactivation or natural 
radioactivity. 


THE GENESIS OF MAGNETITE AND PYRRHOTITE IN PYRITIC 
DEPOSITS, YANAHARA DISTRICT, SOUTHWESTERN JAPAN 


AKIO TSUSUE 
Ore Genesis Laboratory, Department of Geology, Columbia University, New York City 


The ore deposits are irregular-shaped pyritic masses mainly in acid pyroclastic 
rocks and locally in hornfels. Granite-porphyry and quartz-porphyry dikes intrude 
both pyritic ore and country rocks. Magnetite and pyrrhotite occur as zones be- 
tween pyritic ore and the country rocks or dikes. Magnetite is on the country rock 
or dike side, whereas pyrrhotite is on the pyritic ore side. However, the mag- 
netite zone is missing in places; locally magnetite and pyrrhotite zones are both 
absent. Vein-like masses of pyrrhotite occur in the pyritic ore and are connected 
with the pyrrhotite zone described above. 

From the texture of the ore minerals and the fact that large amounts of mag- 
netite and pyrrhotite are near the quartz-diorite mass, it is concluded that these two 
minerals were formed during contact metamorphism. 

The non-uniformity of metasomatism previously described and the occurrence 
of vein-like masses of pyrrhotite suggest the necessary participation of ascend- 
ing fluids. 

From the mode of occurrence of magnetite and pyrrhotite and from the variabil- 
ity in composition of pyrrhotite within a single zone, it is concluded that the 
magnetite and pyrrhotite zones were mainly formed by diffusion. 

The minimum temperature of formation of pyrrhotite coexisting with pyrite is 
about 490° C. The data obtained also indicate that there may not have been any 
distinct temperature gradient within the magnetite and pyrrhotite zones. The 
partial vapor pressures of sulfur and oxygen are also estimated. 
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A METASEDIMENTARY SPECULARITE DEPOSIT IN THE HARPERS 
FORMATION OF PENNSYLVANIA 


CARLYLE GRAY AND ARTHUR A. SOCOLOW 
Topographic & Geologic Survey, Dept. Internal Affairs, Harrisburg, Pa 
\ deposit of specular hematite is associated with a persistent bed of magnetite 
bearing quartzite in the Harpers Formation near Seven Valleys, York County, 
Pennsylvania. The specularite schist is of interest 
morphic history, as well as its economic potential. 
The specularite deposit has been traced for about 3,000 feet along strike and 
exhibits three parallel horizons, each up to 80 feet thick. The structure is com- 
plex ; cleavage and bedding are essentially vertical. The bedding-cleavage inter- 
sections and drag folds denote a westerly plunge of the isoclinal fold structures. 
The ore is a schist consisting of specularite, euhedral magnetite, angular, inter- 
locking, quartz grains in stringers which are parallel to the regional schistosity, 
and partly chloritized muscovite. The texture is interpreted as indicating intensive 
recrystallization of a ferruginous graywacke which has been metamorphosed in the 
greenschist facies environment. 


for its sedimentary and meta- 


Over 100,000 tons of ore, averaging 36 percent 
iron content, were mined from this locality during the last century. The economic 
potential of this deposit depends on proof of extension in depth and the feasibility 
of mining and of ore concentration. 

While the hematite-magnetite schist has been traced for only a few thousand 
feet, aeromagnetic exploration has shown that the associated magnetite-bearing 
quartzite can be traced for many miles, and that similar beds occur elsewhere in the 
lower Cambrian clastic sequence and in the Wissahickon Formation. This repeated 
occurrence suggests a possible correlation of the lower Cambrian clastics with 
those of the Wissahickon. 


REPLACEMENT RELATIONSHIPS IN THE GUNFLINT IRON 
FORMATION, PORT ARTHUR AREA 


W. W. MOORHOUSE 


University of Toronto 


The Gunflint Iron Formation, in the Port Arthur area, Ontario, is but weakly 
metamorphosed, and has been only slightly deformed since deposition. The beauti- 
fully preserved textural features are illustrated by photomicrographs. Primary 
textures are clastic (granules of taconites, grains of sandy and conglomeratic 
facies), organic, and thin-bedded (colloidal) precipitate. Among the mineral 
relationships illustrated, silicification appears to be the most extensive replacement, 
and takes place in several stages, from the time of deposition until after lithification. 
Replacement by carbonates and other minerals also occurs, but is generally less 
important. Development of silicates such as stilpnomelane and minnesotaite ap- 
pears to be less obvious than for instance in the Mesabi Range. The effect of 
silicification and the degree of metamorphism on the economic possibilities of the 
range is discussed. 


SEDIMENTARY FEATURES IN THE ARKANSAS-OKLAHOMA 
BARITE DISTRICT 
R. A. ZIMMERMANN AND G. C. AMSTUTZ 


Missouri School of Mines and Metallurgy, Rolla, Missouri 


The barite deposits of Arkansas-Oklahoma are reported to form the largest 
single barite district of the world. Three genetic interpretations have been offered 
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in the past, 1) formation through hydrothermal replacement, 2) concentration by 


lateral leaching and secretion from the enclosing sedimentary rocks, 3) precipita- 
tion from sea water.—The stratigraphic association of the barite with volcanic tuffs 
suggests that the following possibility should also be considered, 4) exhalative 
volcanic sources and contemporaneous sedimentary deposition. 

Field and laboratory work has been carried out with the objective to find con- 
notation-free criteria supporting or ruling out any of these four modes of origin. 
So far the most conclusive criteria support a contemporaneous deposition. The 
present study therefore confirms the hypothesis of HAM and MERRIT (1944) as 
far as the time of deposition is concerned. The source of the barium, however, 
is still uncertain 

The following observations are among the criteria suggesting a sedimentary 
origin: a) extensive regional distribution of the barite at essentially the same 
stratigraphic horizons; b} distribution distinctly congruent to horizontal sedimenta- 
tion units (troughs, ridges, lenticular swells, etc.); c) lack of association with 
postdepositional cross-cutting features; d) abundance of depositional sedimentary 
features (oolites, top-bottom, geopetal, or gravity features, diagenetic cementation 
features inside and outside of intraformational breccias, sedimentary sequences or 
cycles, etc.) ; €) microscopic textures indicating crystal growth in an ooze, partly 
from a colloidal state; f) barite deposition on the present ocean floor in sediments 
which are similar to the Stanley shale 


GEOLOGY OF THE AGUACHILE BERYLLIUM-BEARING FLUORSPAR 
DISTRICT, COAHUILA, MEXICO 


W. N. MCANULTY, C. R. SEWELL, D. R. ATKINSON, AND J. M. RASBERRY 


The Dow Chemical Company, Freeport, Texas 


Reactions of fluorine- and beryllium-bearing hydrothermal fluids with Cretace- 
ous limestone formations in brecciated zones near dikes of rhyolite porphyry, under 
conditions of low temperature and low pressure, produced sizeable fluorspar de- 


posits, some of which are potential economic sources of beryllium in the Aguachile 
district, Coahuila, Mexico. 

Bertrandite (Bes(QOH)2sSiO;) is intermingled with fluorite in the “lower” 
contact zone along a ring-dike which encircles a subsidence basin (cauldron col- 
lapse) in the central part of Aguachile Mountain. Fluorspar deposits outside 
\guachile Mountain contain 5 to 20 ppm beryllium in ionic combination with 
fluorite. 

\ plug-like mass of quartz microsyenite, younger than the rhyolite dikes, in- 
trudes the floor of the subsidence basin; a few still younger small dikes and 
irregular-shaped bodies of analcite diabase are present elsewhere in the district. 

The hydrothermal fluids probably were late emanations from a parent magma 
which gave rise to one or more of the types of intrusive igneous rocks. Both the 
quartz microsyenite and the bertrandite probably came from the same parent 
magma. Bertrandite mineralization followed two generations of fluorite and 
appears to have been essentially contemporaneous with a third, weak generation of 
fluorite mineralization. The ionically combined beryllium probably accompanied 
the earlier, stronger fluoritization. Greater concentration of beryllium in deposits 
around Aguachile subsidence basin may be the result of more open connections with 
a deep-seated, beryllium-enriched alkalic magma. 


BERYLLIUM-FLUORINE MINERALIZATION AT AGUACHILE 
VOUNTAIN, COAHUILA, MEXICO 


A. A. LEVINSON 


The Dow Chemical Company, Freeport, Texas 


Aguachile Mountain is located in northern Coahuila, Mexico, about 80 miles 
south southeast of Marathon, Texas. It is the site of a large fluorite deposit 
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(replacement in limestone) in which significant beryllium mineralization has been 
recognized. Bertrandite, Be:( OH )sSizO:, which characteristically occurs as radiat- 
ing aggregates of thin crystals, is the only beryllium mineral identified and accounts 
for all known beryllium values. The occurrence of bertrandite as a primary 
mineral in a low temperature, low pressure hydrothermal environment appears to 
represent a unique type of beryllium mineralization. Other minerals identified in 
the bertrandite-fluorite deposit are calcite, adularia, quartz, kaolinite, hematite, 
limonite, and trace amounts of lithium-bearing sericite and aragonite. 

From a study of the paragenesis and geology of the deposit it is believed that 
the beryllium-fluorine mineralization is related to an alkali quartz microsyenite 
intrusion found in the center of Aguachile Mountain. This occurrence is another 
example of the association of beryllium minerals with fluorite and offers additional 
evidence for the importance of the beryllium-fluorine complex in nature. 


URANIUM DEPOSITS OF THE TALLAHASSEE CREEK AREA, 
FREMONT COUNTY, COLORADO 


JOEL R. SHAPPIRIO AND E, WM, HEINRICH 


Department of Geology and Mineralogy, University of Michigan, Ann Arbor, Michigan 


Uranium deposits along Tallahassee Creek in Fremont County, Colorado, have 
been mined since their discovery in 1954. The district, which is 1-2 miles wide 
and about 5 miles long (NW-SE) includes six mines and several score prospects. 
In a sequence of early Tertiary flows, pyroclastics and sediments which overlie 
Precambrian granitic and metamorphic rocks, mineralization is confined to arkosic 
and conglomeratic units. 

In the black primary ore the chief ore mineral is very fine-grained uraninite, 
most of which is disseminated in carbonaceous material that occurs as lenses and 
blebs in the arkose and in the tuffaceous matrix of the conglomerate. Pyrite is a 
widespread and common accessory in this type of ore. Interlayered with black ore 
are lenses of primary gray and less common red (hematitic) ore, in both of which 
uraninite apparently also is the chief radioactive species but in which carbonaceous 
material is less common. In the oxidized parts of the deposits meta-autunite, some 
of which replaces fossil wood, is the ore mineral. 

Ore controls are difficult to establish. In general ore grade is more uniform in 
conglomeratic beds from which most of the ore has been obtained. Within arkosic 
units the grade is higher in beds that lie closer to the contact with the granite 
\lthough some ore bodies are in fault contact with granite the faults themselves are 
not mineralized 


WALLROCK ALTERATION IN THE GOLDFIELD DISTRICT, 
NYE COUNTY, NEVADA 
RICHARD D. HARVEY AND CHARLES J. VITALIANO 


Illinois Geological Survey, Urbana, Illinois and Indiana University, Bloomington, Indiana 


Hydrothermal alteration of early Tertiary dacite, andesite, and latite has pro- 
duced the following mineralogical zones, which flank a complex system of gold 
bearing veins: (1) propylitic zone farthest from the vein; (2) argillic zone, divided 
into a montmorillonite subzone in the outermost part, and an illite-kaolinite subzone 
in the innermost part; (3) alunite-quartz zone, immediately adjacent to the vein. 
The boundary between the alunite-quartz zone and the relatively thin illite-kaolinite 
subzone is shape. The illite-kaolinite subzone grades into the relatively wide 
montmorillonite subzone. The crystallinity of kaolinite and the polymorphic form 
of illite vary with respect to the vein. The propylitic zone is characterized by 
chlorite and calcite. The gradational transition to the argillic zone is marked by 
the occurrence of a 1:1 mixed layer chlorite-vermiculite. 
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Alunite is believed to have formed by reaction of sulfuric acid and illite. Con- 
sidering muscovite instead of illite (because the thermodynamic data are not known 
for illite), the chemical reaction is assumed to be: 


K AlsSiw( OH Jas + 4H ag + 250%ua = KAls(SOs)2(OH Jace + 3SiOc. 


where (s) and (aq) indicate the solid and aqueous state respectively. The theoret- 
ical standard free energy of this reaction is —37.5, —42.8, and —56.1 kcal/mole 
alunite at 25° C, 200° C, and 300° C respectively. The uncertainty of the free 
energies is approximately 7 kilocalories. Considerations of the chemical kinetics 
of the decomposition of the illite are thus very important in the reaction. 


THE MESA CENTRAL MINERAL PROVINCE OF MEXICO 


WESLEY E. BRYERS AND CHARLES H. BEHRE, JR. 


Department of Geology, Columbia University 


The Mesa Central mineral province as defined by Behre and Banfield has grada- 
tional boundaries, but the mineralogy and structural control of its ore deposits are 
fairly distinctive, as illustrated by representative deposits of five mining districts. 

All five districts studied are in regions of uplift, localized along tectonic lines 
as recently described by Wisser. Each is on a quaquaversal structure with an 
exposed granitic core, except at Catorce, where dikes are present but a massive 
intrusive is lacking. All five deposits are clearly zoned, with copper at depth, zinc 
and argentiferous lead farther upward and outward. La Paz, Catorce, and San 
Martin are asymmetrical deposits in which the metallization coincides with the 
more intensely folded uplift margins. Skarnification, where present, is not so 
clearly localized. 

At La Perla, a volcanic neck, hematite and martite are mined by stripping. 
\t Monclova, aside from two lead-bearing veins, the ores are in a discontinuous 
marginal ring of iron oxide replacements in limestone, all near the intrusive con- 
tact. At La Paz, the mines are marginal to an intrusion with complex fracture 
patterns as controls. At Catorce, a series of steeply dipping lead-zinc-silver veins 
trend toward the center of uplift, but are concentrated on its shallower eastern side. 
San Martin, southwest of Sombrerete, has a granitic core with mineralization on 
the more steeply dipping northwest flank. 
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SCIENTIFIC NOTES AND NEWS 


Doucias W. Bisnorp has joined the Geological Survey of South Africa and 
is living in Pretoria. 

PIERRE Evrarp, formerly consulting engineer, has been appointed professor of 
mining and geophysical survey and economic geology at the University of Liege. 
He will be available for consulting missions on occasion. 

The Northern Ohio Geological Society was officially organized on May 9, 
1961. The following were elected as officers: President, D. R. RicHNer, Diamond 
Alkali Company, Cleveland; Vice President, J. F. HALL, Western Reserve Uni- 
versity, Cleveland; Secretary, T. H. HAwisuer, Ferro Corporation, Cleveland; 
and Treasurer, R. B. SitLer, Kent State University, Kent, Ohio. In addition to 
providing a geological forum for its members, the Society is working to promote 
increased public interest in the earth seiences. A full schedule of meetings, pro- 
grams, and field trips has been arranged for the coming year. Information re- 
garding membership may be obtained from Mr. Glenn Frank, 7446 West Lake 
Blvd., Kent. 

An International Field Institute for U. S. College and University teachers of 
geology will be conducted in the Alps during the summer of 1962 by the American 
Geological Institute under a grant from the National Science Foundation and under 
the leadership of Prof. Augusto Gansser, Federal Technical Institute, Zurich, Prof. 
Augustin Lombard, University of Geneva, and Prof. D. L. Blackstone, Jr., Uni- 
versity of Wyoming. ‘Twenty participants will be chosen who will receive travel 
and subsistence allowances. Applications must be filed before February 1, 1952, 
with Prof. D. L. Blackstone, Jr. 

Peter T. FLAwN, Bureau director, announces that a geologic atlas of Texas 
will be compiled by the University of Texas Bureau of Economic Geology as a 
new research project supported in part by contributions from oil companies and 
professional geological societies in the state. The new map will involve compila- 
tion of 37 sheets on a scale of 4 miles to the inch. Each sheet will encompass an 
area of one degree of latitude by two degrees of longitude. 

To provide a home for geological engineers within the structure of the Society 
of Mining Engineers, a Geological Engineering Unit Committee of the Mining and 
Exploration Division has been established. The Society is a constituent body of 
the American Institute of Mining, Metallurgical, and Petroleum Engineers. 

Atrrep L. Ransome, formerly with the U. S. Bureau of Mines, has been ap- 
pointed a Foreign Service Reserve Minerals Officer assigned as Minerals Attaché 
to the Embassy at Rio de Janeiro, Brazil. 

Puittip L. Merritt, consulting geologist of New York City, has been named 
vice president of Hidden Splendor Mining Co. at Salt Lake City. 

R. F. PALMER has resigned from The Algoma Steel Corp., Ltd. He has ac- 
cepted the appointment of Associate Professor of Mining Engineering in the De- 
partment of Geological Sciences, University of Saskatchewan. 
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Georce M. Scuwarz has retired as professor of geology and director, Minne- 
sota Geological Survey, University of Minnesota. He will continue to maintain 
an office in Minneapolis and will be available for consulting work. 


Pau K. Sims of the U. S. Geological Survey, Denver, will succeed George 
M. Schwartz as director of the Minnesota Geological Survey. 


A. E. WALXER, consulting geologist for The M. A. Hanna Co., has moved 
his headquarters from Cleveland to Three Lakes, Wisconsin. 

E. C. M. LAMMeERs has been appointed Technical Assistant to the Vice Pres- 
ident—Oil Field Research Department of the California Research Corporation. 
Dr. Lammers was formerly Division Geologist with Western Operations of Stand- 
ard Oil Company of California. 

James R. BaALsLey gave a talk October 30 on “Paleomagnetism” before the 
Department of Geology, Wesleyan University. 

CENTO will sponsor a Coal Symposium at Zonguldak, Turkey, and other 
mining centers between November 30 and December 14, 1961. Participants will 
come from Turkey, Iran, Pakistan, the United Kingdom, and the United States. 

Tuomas F. Bates, professor of mineralogy, has been appointed Assistant to 
the Vice President for Research at the Pennsylvania State University. 

}. B. Simpson, mining consultant to Anglo-French Exploration Co., Ltd., has 


been elected President of the Institution of Mining and Metallurgy, London, for 
1962-63. 
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